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Abstract 
Role of Transport Dependent Calcium Signaling in Nitric Oxide Pproduction and 
Endothelial Shear Stress Responses 
Dihui Hong 
Dov Jaron, Kenneth A. Barbee, Supervisor, Ph.D. 
 
In this study, I compared the calcium response to shear stress between the ECs from large 
vessels (Bovine Aortic Endothelial Cells: BAECs)and microvessels (Rat AdrenoMedullary 
Endothelial Cells: RAMECs); characterized the interplay between [Ca2+]i and endothelial nitric 
oxide synthase (eNOS) activity in BAECs; and developed a 2-D model of transport-dependent 
intracellular calcium signaling in endothelial cells to evaluate the effects of spatial colocalization 
of eNOS and capacitive calcium entry (CCE) channels in caveolae on eNOS activiation in 
response to shear stress and ATP.  
In RAMECs, the calcium response to the onset of shear stress was heterogeneous in time 
and space. Shear stress induced calcium waves that originated from one or several cells and 
propagated to neighboring cells. The initiation and the propagation of calcium waves in 
RAMECs were significantly suppressed under conditions in which either purinergic receptors 
were blocked by suramin or extracellular ATP was degraded by apyrase. Exogenously applied 
ATP produced similarly heterogeneous responses.  
In BAECs, the onset of shear stress elicited a transient increase in intracellular calcium 
concentration that was spatially uniform, synchronous, and dose dependent. When BAECs were 
perfused in PBS containing Ca2+, a step increase in shear stress elilicted a transient increase in 
[Ca2+]i, followed by a sustained plateau which decayed slowly to near baseline. Elimination of 
extracellular Ca2+ with EGTA did not affect the initial calcium peak, while the [Ca2+]i plateau 
was reduced by 20%. Despite the similarity in the calcium responses, nitric oxide (NO) 
production in the presence of extracellular calcium is more than twice that in the absence of 
extracellular calcium. Similar results were observed in BAECs in response to stimulation with 
ATP. To achieve a quantitative understanding the Ca2+ and NO signaling mechanism, we 
developed a mathematical model that incorporates the cell morphology as well as endothelial 
calcium signaling processes. The model predicts that spatial segregation of calcium channels in 
endothelial cells can create microdomains where calcium concentration differs significantly from 
the spatial average calcium concentration.This transport-dependent calcium signaling specificity 
effect is enhanced in ECs elongated by flow by increasing the spatial segregation of the caveolar 
signaling domains. Our simulation significantly advances the understanding of how Ca2+, despite 
its many potential actions, can mediate selective activation of signaling pathways. We show that 
diffusion limited calcium transport allows functional compartmentalization of signaling 
pathways based on the spatial arrangements of Ca2+ sources and targets. 
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CHAPTER 1  
 Background 
1.1 Flow-Mediated Endothelial Mechanotransduction 
Endothelial cells (ECs) cover the inner surface of blood vessels and are constantly 
exposed to blood flow. Blood flow imparts physical forces to the ECs and the hemodynamic 
forces can be resolved into two vectors: shear stress, a frictional force acting at the interface 
between flowing flow and vessel wall; and second, pressure acting normal to the vessel wall, 
which imposes circumferential stretch to the vessel. It is well established that shear stress is 
borne primarily by ECs. Intracellular signals generated in response to flow elicit a cascade of 
both morphological and functional responses that involve cytoskeletal organization, 
remodeling of cellular morphology, and changes in gene expression (6, 32). 
1.1.1 Significant of Actions of Shear Stress on ECs 
Shear stress controls cellular structure and function, including regulation of vascular tone 
and diameter, vessel wall remodeling, hemostasis, and inflammatory responses. The temporal 
and spatial variations in shears stress and the flow pattern play important roles in endothelial 
functions. Impairment of these functions may lead to atherosclerosis and/or thrombosis, which 
is highlighted by the focal development patterns of atheroscelerosis in hemodynamically 
defined regions. Straight portions of arteries are exposed to relatively high and uniform 
well-developed laminar flows and are well protected from atherosclerotic plaque development. 
In contrast, vessel branch points, bifurcations, and regions of high curvature experience 
“disturbed” shear stress conditions and the disturbed flow patterns cause endothelial injury and 
chronic dysfunction, leading to the accumulation of lipids in the vessel wall that eventually 
form atherosclerotic plaques.  
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Laminar flow, with a sufficiently high shear stress and a definitive direction, serves a 
protective role in the following aspects(41): 
1. Laminar shear stress causes a dose-related reduction of the rate of EC proliferation 
by reducing the rate of DNA synthesis. 
2. Laminar shear suppress EC apoptosis by up-regulation of eNOS and expression of 
inhibitors of apoptosis proteins. 
3. Laminar shear stress significantly enhances EC migration in wound healing, which 
is mediated by shear regulation of lamellipodia protrusion and focal adhesions 
remodeling in the direction of flow. 
4. Shear stress inhibits EC turnover, which decreases the endothelium permeability to 
macromolecules such as low-density lipoprotein (LDL), and the local 
accumulation of LDL and macrophages is the key element in atherogenesis.  
1.1.2 Flow-Mediated Calcium Response 
Studies on intracellular signaling events in ECs have shown that shear stress activates 
multiple signaling molecules. One of the early responses to shear stress is the elevation of 
intracellular Ca2+ concentration ([Ca2+]i). Ca2+ is an essential trigger to successive 
physiological and biochemical reactions such as the production of nitric oxide (NO), the 
activation of Src tyrosine kinase and C kinase in the cells (32). 
ECs act as a sensing interface to transduce hydrodynamic forces. The mechanisms by 
which ECs sense this mechanical stimulus and transform these signals into intracellular 
biochemical signals, which further change vessel structure and function have not been resolved. 
Several putative mechanisms have been proposed among which are: 1) Shear stress is sensed 
by integrins on the cell surface, transmitting forces through cytoskeleton, thus activating signal 
transduction through stretch-activated cation channels (32). 2) Shear stress may cause 
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endothelial cells to synthesize and release ATP. The ATP concentration at the cell surface 
increases by overcoming the local effects of degradative enzymes, thereby mediating the Ca2+ 
signaling (39, 132, 133). 3) Shear stress induces an efflux of K+ and membrane 
hyperpolarization, increasing the driving force for Ca2+ entry (98). 4) Flow-sensitive Cl- 
currents play a role in modulating Ca2+ influx by altering the membrane potential (7, 90). 5) 
Components of the glycocalyx, of which heparan sulfates are the most abundant, function as 
signal transduction molecules (44). Shear stress may activate several pathways simultaneously 
and different mechanosensing mechanisms can interact with on another; however, the 
relationships and possible interactions among the various pathways have not been determined.  
1.1.3 Flow-Mediated Nitric Oxide Production 
Endothelial cells can produce at least three kinds of vasodilators in response to shear 
stress to modulate vascular tone, i.e., nitric oxide (NO), endothelium-derived hyperpolarization 
factor (EDHF), and prostacyclin (PGI2). NO, as an endothelium-derived relaxing factor 
discovered by Furchgott and Zawadzki (48), is of particular interest to researchers as it is an 
antiantherogenic molecule and an attenuation of NO production in endothelium has been 
implicated in one of the earliest biochemical markers of endothelial dysfunction found in many 
cardiovascular diseases such as hypertension, atherosclerosis and diabetes. 
In endothelial cells, nitric oxide (NO) is generated via the enzyme endothelial nitric-oxide 
synthase(eNOS). eNOS is a constitutively expressed enzyme that catalyzes oxidation of 
L-arginie to L-citrulline and NO. Although it is well known that shear stress stimulates 
production of NO from eNOS from ECs, the molecular mechanisms by which shear stress 
regulates NO production have not been clearly elucidated.  
The eNOS is composed of two identical monomers, and each monomer contains the 
amino-terminal oxidase domain and carboxy-terminal reductase domain. For NO to be 
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produced from substrates O2 and L-arginin, electron flux has to occur from the reductase 
domain of one monomer to the oxygenase domain of the other monomer. In basal condition, 
caveolin-1, being the major coat protein of caveolae, binds to the reductase domain of eNOS. 
This binding comprises the ability of eNOS to bind Camodulin (CaM) and to donate electrons 
to the heme subunit, thereby inhibiting NO synthesis. Increase in [Ca2+]i promote the binding 
of CaM to the CaM-binding motif which is thought to displace an adjacent autoinhibitory loop 
on eNOS, thus facilitating NADPH-dependent electron flux from the reductase domain of the 
protein to the oxygenase domain. The terminal electron acceptor in the oxygenase domain is 
heme, which can bind oxygen for insertion into the NOS substrate, L-arginine (47). 
Exposure of endothelial cells to fluid shear stress results in transient increase in [Ca2+]i , 
which induces CaM-dependent NO burst. It is now generally accepted that shear stress also 
induce NO production in a CaM-independent way. Evidences suggest that shear stress 
activated phosphorylation of eNOS at S1179 by protein kinase B (Akt) pathway, which induce 
the conformation change of the carboxy terminus; removes the wedge and lowers the calcium 
requirement, leading to enzyme activation(18). Shear stress also stimulates phosphorylation of 
eNOS-S635. Once S635 is phosphorylated, eNOS can produces NO in conditions even when 
intracellular Ca2+ is very low(19). Hsp90 is the 90-kDa heat shock protein, which serves as a 
scaffolding protein, facilitating the organization of additional associated regulatory proteins, 
positively regulates eNOS activity. Exposure of endothelial cells to fluid shear stress stimulates 
the association of eNOS and Hsp90; this association increases NO production(43, 52).  
NO is involved in many events in normal vascular biology and pathophysiology through 
autocrine or paracrine action. The autocrine role for NO in regulating endothelial cell function 
is supported by studies in cultured ECs showing that inhibition of NO production reduces 
endothelial cell migration, proliferation, and organization into tubelike structures. Important 
vascular functions such as vessel relaxation and inhibition of platelet aggregation are regulated 
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by NO paracrine regulation. 
1.1.4 Flow-Mediated Endothelial Cytoskeleton Remodeling 
The endothelial cell can be viewed as a membrane stretched over a frame composed of 
microtubules, intermediate filaments and actin fibers which transverse the cells and ends in 
adhesion complexes. The endothelial cytoskeletal network maintains the shape of the 
endothelial cell; at the same time, these three principle cytoskeleton groups of proteins 
participate in flow-mediated mechanotranscution.  
Of the three main cytoskeletal polymers, actin filaments are the most abundant and are 
located in close proximity to the cell membrane. Changes in actin distribution are detectable 
within minutes of the onset of flow. The remodeling of actin cytoskeleton is primarily by 
adding and subtracting subunits at free filament ends. Shear also induces intercellular junction 
disruption, followed by cell movement with the loss of peripheral bands, and an increase of 
microtubule-organizing centers. Endothelial cells become adjusted to the flow direction with 
the formation and alignment of thick stress fibers and dense microfilaments and the 
re-establishement of cell junctions after 12h of shearing(73).  
Endothelial cells grown in the absence of flow were polygonal in shape with quite smooth 
surfaces with no preferential alignment or orientation. Flow induced shear stress lead to stress 
fibers and microtubules remodeling and cellular elongation and alignment in the direction of 
flow. Barbee et al. have incorporated data from atomic force microscopy and CFD simulation 
and showed that after subjected to directional flow, there is a small decrease in the average of 
surface heights compared with control cells, but a significant decrease in the amplitude of 
surface undulations(8, 9). Their study predicted that remodeling of cytoskeleton is an 
important mechanism for the cells to reduce their area and surface exposed to shear stress. By 
this means, aligned ECs might be less sensitive to shear stress than nonaligned cells by a given 
flow rate(8, 9). In arteries, endothelial cells in low mean shear stress regions prone to the 
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development of proatherosclerosis are cuboidal, whereas in athero-resistant regions, they are 
elongated into torpedo shapes that point into the direction of flow(41). Therefore, there is a 
need for understanding how the shape of endothelial cells may regulate their function. 
1.2  Structure and Function of Endothelial Caveolae 
Caveolae were introduced more than 50 years ago to describe 50- to 100-nm (diameter) 
plasma membrane invaginations identified by electron microscopy in a wide variety of cell 
types(131). A breakthrough in caveolae research was the discovery of a marker protein 
caveolin-1 for caveolae. With the use of the caveolae marker protein caveolin, purification 
techniques established new biochemical criteria for identifying this specialized membrane. 
These include a light buoyant density, resistance to solubilizaiton by Trion X-100, and 
enrichment in glycosphingolipids (GSLs), cholesterol, sphingomyelin(SPH) and 
lipid-anchored membrane proteins.  
Two major functions for caveolae have been indetified, which include vesicle trafficking 
and signal transduction(119). In ECs, caveolae have been implicated in the regulation of many 
functions including macromolecules transport in the microcirculation through transcytosis. 
With respect to the latter function, caveolin-1 participates in endothelial signal transduction by 
ensuring the compartmentation of signal molecules, such as G protein, tyrosine 
kinase-associated receptors, as well as endothelial nitric oxide synthase. Interestingly, there are 
strong evidences that a large number of these signaling molecules are involved in flow/shear 
stress-mediated activation of endothelial cells. Caveolae themselves also have been suspected 
to serve as flow-activated mechanosensors or transducers of physiological responses in blood 
vessels. In vitro study shows cholesterol-dependent activation of flow-mediated intracellular 
signaling pathways(78, 102). In vivo, it has been demonstrated that flow-dependent responses 
in intact blood vessels required endothelial Cav-1 and caveolae; the endothelium lacking 
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caveolae was unable to couple changes in blood flow with proportional vascular remodeling, 
and this abnormality can be correctly partially by reconstituting endothelial Cav-1(138).  
Caveolae, either single or in clusters, are present at the surface of the endothelium. 
Electron microscopy studies indicate that caveolae can exist luminally and abluminally, with 
the largest number in perijunctional zones between endothelia(22, 50, 57). Isshiki et al. 
observed that exposing endothelial cells to shear stress also caused polarization of caveolae on 
cell surface and relocate the caveolin-1 to the upstream edge of the cell(57). Rizzo et al. also 
reported that exposure to shear stress altered caveolin expression and distribution, and 
increased caveolae density at luminal cell surface(111).  
1.3 CCE: General Concepts 
In ECs, vasoactive aognists (ATP, Bradykinin et al..) trigger a biphasic rise in ([Ca2+]i) 
which consists of an initial transient component followed by a sustained one. The first transient 
rise by agonists and mechanical stimuli induce [Ca2+]i elevation results from depletion of Ca2+ 
from the endoplasmic reticulum (ER) through inositol 1,4,5-trisphosphate (IP3)-sensitive 
release channels. The depletion of intracellular Ca2+ stores is followed by Ca2+ influx through 
plasma membrane calcium channels, referred to as capacitative calcium entry (CCE), and also 
called store operated calcium entry (SOC).  
The key feature of CCE is that it is activated by a signal generated by the decrease 
calcium concentration in ER. However, the signal transduction mechanism linking changes in 
intraluminal Ca2+ to the opening of plasma membrane Ca2+ channels has not been identified. 
Various factors that regulate CCE have been proposed (94, 101, 107, 124, 125), which include: 
1):’CIF’ model: Following discharge of the stores, a diffusible and stable, non-protein –like 
signal - calcium influx factor (CIF) is released from the ER and activates plasma membrane 
CCE channels; 2)Exocytosis model: Depletion of the stores causes secretion and fusion of 
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vesicles containing calcium channels with plasma membrane. 3) Conformational coupling 
model: Discharge of Ca2+ stores leads to a communication between the ER and the plasma 
membrane through conformational change and protein-protein interaction. 
CCE calcium entry appears to be the major means of regulated influx of calcium in 
endothelial cells and has been shown to regulate many of the endothelial functions. Transient 
receptor potential (TRP) proteins has been proposed to form CCE channels via association 
either as homomers or heteromers with other Trps(140). CCE channels have been suggested to 
reside in caveolae(59) and caveolar microdomains provide scaffold for assembly and 
coordination of CCE signaling proteins (TRPs) into a complex(77).  
1.4 Interaction among Calcium, Nitric Oxide Synthase and Caveloae 
The activation of eNOS is tightly regulated and mediated by a number of different 
mechanisms, such as modulation of phosphorylation state by kinases and phosphatases, 
protein-protein interaction with Ca2+/CaM, caveloin-1 and Hsp90; posttranslational retulations 
(phosphorylation, acylation); availability of substrates and cofactors (tetrahydrobiopterin (H4-
B), flavin mononucleotide, FAD, NADPH ); and subcellular localization (plasma membrane 
caveolae, Golgi, and cytosolic compartments) (18, 21). 
 eNOS is predominantly localized to caveloae, a specialized microdomain of the plasma 
membrane. The basis for eNOS trafficking to microdomain is that eNOS is both N-terminally 
myristoylated at the glycine residue in position 2 and palmitoylated at the cysteine residues at 
positions 15 and 26 (117). Studies of caveolae isolated from rat lung suggested that caveolae 
localization of eNOS occurred in intact endothelial cells and both acylation processes are 
necessary for optimal targeting of eNOS to caveolae (118).  
The localization of eNOS in caveolae is apparently a prerequisite for the effective enzyme 
activation. Mutant eNOS constructs, in which the glycine at position 2 is mutated to alanine 
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(G2AeNOS), fail to undergo fatty acylation, and as a consequence remain cytosolic. Both the 
basal and stimulated NO production by G2AeNOS is markedly reduced compared to wild-type 
eNOS (WTeNOS). However, no differences are observed in catalytic activity of the isolated 
WTeNOS and G2AeNOS (28, 116). There is another study suggests the importance of 
subcellular eNOS localization (61). Jagnandan et al. compared activity of iNOS and eNOS 
after targeting them to different subcellular locations, and, in contrast to eNOS, no impairment 
in the ability of iNOS to synthesize NO was found. iNOS, structurally similar enzyme with 
eNOS, has virtually identical co-factor and substrate affinities with one major exception, 
calcium-calmodulin. eNOS is highly dependent on increases in intracellular Ca2+ for activity, 
whereas iNOS is already maximally activated by Ca2+/CaM even at basal levels of intracellular 
calcium and thus is Ca2+ independent. iNOS targeted to discrete intracellular regions of the cell 
behaves similarly to cytosolic iNOS. Since the affinities for L-arginine, and cofactors like BH4 
and NADPH are not different between eNOS and iNOS, with one exception -- calcium 
dependency. eNOS is highly dependent on increases in intracellular Ca2+ for activity, whereas 
iNOS is Ca2+ independent. Therefore, it has been postulated that targeting of eNOS to caveolae 
domains causes increased localized concentration gradients, which represent a plausible 
explanation for the caveola localization-dependent activity of eNOS. 
There has been a long standing interest in the role of caveolae in intracellular calcium 
regulation. Caveolae, as subcellular units, have been identified as being involved in calcium 
signalling in smooth muscle cells(104), as well as endothelial cells(77). Isshiki et al. using 
modern imaging techniques, have recently shown that spatially organized Ca2+ waves originate 
in subsets of clustered caveolae regions at the edges of endothelial cells in response to 
ATP(56-58). They also provided evidences to show CCE channels reside in caveolae(59). CCE 
entry has been indicated the preferential Ca2+ source for the activation of the Ca2+-calmodulin 
depenent endothelial NOS(36, 74). Since both eNOS and CCE channels reside in caveolae, the 
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spatial proximity of eNOS to the CCE channels has been proposed to explain the significantly 
different behavior of the wide type eNOS and eNOS with acylation deficient mutants. It also 
explains the discrepancy of eNOS activity within discrete subcellular locations; however, 
iNOS activity is not dependent on enzyme localization.  
In endothelial cells, NO production is under autoregulatory control. CCE calcium entry 
has been indicated the as preferential calcium source for eNOS. NO, via the cGMP-dependent 
inhibition of CCE and acceleration of Ca2+ sequestration into the ER, lower [Ca]i  and  
therefore exert an autoregulatory negative feedback on its own production(36). NO also 
decreases eNOS expression, disrupt caveolae signaling by distancing elements of the cascade, 
which lead to terminate eNOS signaling(123) 
Plasmalemmal caveolae seem to be well-suited intracellular locale for eNOS and its 
complex regulation. Caveolin reduces eNOS activity in basal conditions but facilitates its 
activation upon agonist stimulation. There are two apparently paradoxical tasks that seem to be 
effectively managed in the context of caveolar/eNOS interaction: Caveolin-1, being the major 
coat protein of caveolae, interacts with eNOS and represses NO production. Calcium entry 
from CCE channels, which also reside in caveolae domain, promotes the dissociation of eNOS 
from caveolin in endothelial cell; Besides CCE channels, caveolae also compartmentalizes 
many other signal transduction molecules which positively regulate eNOS activity (i.e. heat 
shock protein 90, protein phosphorylation). Increase in NO will exert an autoregulatory 
negative feedback on its own production (123). 
1.5  Endothelial Cell Heterogeneity 
The vascular system is a complex network of vessels connecting the heart with diverse 
organs and tissues to maintain their homeostasis in response to physiological changes. The 
endothelial cells that line the lumen of blood vessels play an integral role in the regional 
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specialization of vascular structure and physiology. They form an active barrier between the 
blood and the interstitium; fulfill an essential bidirectional signaling role so that the 
physiochemical environment in blood and tissue and maintained in balance according to 
demand. Whereas all endothelial cells share certain common properties, they do not behave 
alike. Given the diversity of the vascular architecture and the associated differences in 
hemodynamics, structure, and embryonic origins, it is not surprising that the ECs lining 
different vessels exhibit regional specializations in morphology and functions.  
Diversity in endothelial functions between organs has been recognized for decades. In the 
systemic circulation, blood fluid flux is high variable between organs. Permeability edema is 
prominent at post-capillary venules; while blood brain barrier is nearly completely fluid 
impermeable with tight cell-cell junctions; renal glomerular and liver sinusoidal endothelium 
possess fenestrations that are highly permeable. Chi et al (27), using microarray analysis, 
studied the mRNA expression profiles in 53 different cultured endothelial populations from 14 
distinct locations and revealed that ECs from different anatomical sites have distinct 
differentiated gene expression pattern. They also performed hierarchical cluster analysis and 
comparisons to reveal that endothelial cells were reproducibly distinguishable from 
microvascular endothelial cells and that artery-derived cells also discriminated from vein cells. 
Endothelial heterogeneity is not only observed among different anatomic organs. There is 
also evidence for inherent diversity of phenotype of vascular endothelium within and among 
arteries in the same tissue. The widespread recognition that environmental conditions critically 
regulate cell phenotype had lead to some in vitro and in vivo studies about endothelial cells 
response to different stimuli. Studies have shown differences between the arterial and the 
venous endothelium in the production of relaxing factors such as nitric oxide and 
prostaglandin. There are longitudinal differences in endothelial functions between conduit and 
resistance vessels (51, 65, 128). Kimura et al. report that eNOS expression and eNOS activity 
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are greater in culture aortic endothelial cells than in cultured microvascular endothelial 
cells(65). The study of influence of coronary artery diameter on eNOS protein content also 
reveal eNOS expression is greater in the endothelial cells of conduit arteries, resistance arteries, 
and large arterioles than in small coronary arterioles(72). Endothelium-derived NO induces a 
relaxation of vascular smooth muscle cells in large conducting vessels. In contrast, 
endothelium-derived hyperpolarizing factor (EDHF) has been suggested to play a greater role 
than NO in microvessels(51).  
The microcirculation is the site where many important biological substances are 
transported between the blood and surrounding tissue. In contrast to transport processes at the 
organ or whole-body level, transport in the microcirculation is known to be highly 
heterogeneous, both in space and time. Majno and Palade observed endothelium within 
post-capillary venules responded to histamine by forming intercellular gaps that increased 
permeability, whereas immediately adjacent endothelial cells exhibited little or no discernible 
response(80). The heterogeneous response in capillaries has been shown to account for the 
distribution of localized leakage sites for macromolecules in microvessels (100). Calcium 
waves/oscillations have also been observed in arterioles and capillaries (114, 137), which serve 
to coordinate the heterogeneity and regulate the activities of cell groups.  
1.6 Objectives 
Endothelial cells are subject to the shear stress generated by blood flowing past their 
apical surfaces. Changes in fluid shear stress could be sensed directly by cells and elicit a 
cascade of responses which include the elevation of intracellular Ca2+ and production of NO. 
This study compared the calcium response to shear stress between the ECs from large vessels 
and microvessels; characterized the interplay between [Ca2+]i and endothelial nitric oxide 
synthase (eNOS) activity in bovine aortic endothelial cells (BAECs) in response to shear stress 
and ATP; and developed a mathematical model quantitatively study the effects of spatial 
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colocalization of eNOS and capacitive calcium entry (CCE) channels in caveolae on eNOS 
activiation .  
 Aim 1: Assess the difference in calcium response to shear stress between macrovascular 
and microvascular endothelial cells  
Hypothesis 1: Given the diversities in hemodynamics and structure, the endothelial cells 
(ECs) lining different vessels exhibit regional specializations in functions, we hypothesize that 
the responses of calcium to shear stress of macrovascular endothelial cells are different from 
the responses of the microvascular endothelial cells. 
Aim 2: Characterize the correlation between [Ca2+]i and NO production in BAECs. 
Hypothesis 2: A linear correlation between the magnitude of the free calcium 
concentration and NO production has been demonstrated in isolated eNOS. However, since the 
calcium channels and eNOS are not homogeneously distributed in the cells, we hypothesize 
endothelial NO production is nonlinearly correlated with the spatial average intracellular 
calcium concentration.  
Aim 3: Develop a mathematical model of intracellular calcium signaling in endothelial 
cells to evaluate the effects of spatial colocalization of eNOS and capacitive calcium entry 
(CCE) channels in caveolae on eNOS activiation in response to shear stress and ATP. 
Hypothesis 3: Microdomain calcium signaling is influenced by calcium channels 
localization, distribution and cell geometry. The quantitative characterization of the 
microdomain calcium signaling can only be predicted by mathematical models that incorporate 
interactions occurring at multiple length and time scales.  
1.7 Thesis Organization 
This dissertation is presented as three separate chapters with a preceding introduction 
(Chapter 1) presenting the relative information on the endothelial mechano-transduction, the 
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role of caveolae in endothelial calcium and nitric oxide signaling and their interaction, and the 
endothelial heterogeneity. Chapter 2 compares the nature of the response and the mechanisms 
of mechanotransduction in macro and microvascular endothelial cells. We also investigated the 
mechanisms of the spatially and temporally heterogeneous calcium changes within cultured 
monolayers of RAMECs. In Chapter 3, the experimental results of the interplay between 
[Ca2+]i and endothelial nitric oxide synthase (eNOS) activity in BAECs in response to shear 
stress and ATP are presented. In Chapter 4 provides a mathematical model which incorporates 
endothelial cell morphology as well as endothelial calcium signaling processes to 
quantitatively evaluate the effects of spatial colocalization of eNOS and capacitive calcium 
entry (CCE) channels in caveolae on eNOS activiation in response to shear stress and ATP. 
Chapter 5 summarizes the implications of the results, the primary findings and the 
recommendations of future work. 
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CHAPTER 2 
Response of Aortic and Microvascular Endothelial Cells to Shear Stress 
2.1 Introduction 
Endothelial cells (ECs) cover the inner surface of blood vessels and are constantly 
exposed to shear stress due to blood flow. It is well established that ECs are sensitive to 
changes in shear stress. Intracellular signals generated in response to flow elicit a cascade of 
responses that involve cytoskeletal organization, remodeling of cellular morphology, and 
changes in gene expression (6, 32). One of the early responses to shear stress is the elevation 
of intracellular Ca2+ concentration ([Ca2+]i).  
ATP has been shown to be released from large vessel ECs in response to numerous stimuli, 
such as shear stress and vasoactive agonists, including ATP itself (15, 16, 132, 133). The 
released ATP can activate purinergic receptors; stimulate the formation of 
inositol(1,4,5)-trisphosphate (IP3), which binds to IP3 receptors and triggers Ca2+ release from 
intracellular stores(37). Thus, endogenously released ATP can act as extracellular messenger, 
regulating the flow-induced calcium response in large vessels. However the possible role of 
ATP signaling in the endothelial transduction of shear stress-induced calcium responses in the 
microvascular ECs is not yet established.  
The vascular system is a complex network of vessels connecting the heart with diverse 
organs and tissues to maintain their homeostasis in response to physiological changes. The 
endothelial cells that line the vessel lumen play an integral role in the regional specialization of 
vascular structure and physiology. Whereas all endothelial cells share certain common 
properties, phenotypic heterogeneity is observed between ECs from large vessels and 
microvascular ECs (27). Studies have shown longitudinal differences in endothelial functions 
between conduit and resistance vessels (51, 65, 128). In large vessels, shear stress induced 
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Ca2+ is related to vessel dilation. Either removal of extracellular calcium or chelation of 
intracellular calcium reduces the shear stress-dependent NO production in aortic endothelial 
cells (108, 134). However, calcium appears to be less important in shear stress-induced 
dilations of smaller arteries and arterioles (128). The microcirculation is the site where many 
important biological substances are transported between the blood and surrounding tissue. In 
contrast to transport processes at the organ or whole-body level, transport in the 
microcirculation is known to be highly heterogeneous, both in space and time. The 
heterogeneous calcium response in capillaries has been shown to account for the distribution 
of localized leakage sites for macromolecules in microvessels (100). Calcium 
waves/oscillations have also been observed in arterioles and capillaries (114, 137), which serve 
to coordinate and regulate the activities of cell groups. 
Despite the recognition of regional differences in endothelium, in vitro studies of the 
responses of endothelial cells to flow have focused almost exclusively on ECs from large 
vessels. A recent report indicated that NO concentrations in tissues cannot be accurately 
predicted when blood vessels are considered in isolation (64). NO production from venules 
and capillaries contribute significantly to the NO concentration in the vicinity of arterioles, 
which are usually the primary focus of experimental investigations because of their important 
role in the distribution of blood to tissues. NO release is highly controlled and usually 
preceded by elevation of intracellular calcium, so it is important to investigate the calcium 
response to shear stress in microvascular ECs. The typical response to the initiation of shear 
stress in cultured aortic endothelial cells is a rapid mobilization of intracellular calcium in a 
dose-dependent fashion (13, 120), although more complex behaviors (e.g. calcium oscillations) 
have been observed. However, little has been done to investigate whether the nature of the 
response or the mechanisms of mechanotransduction are similar in microvascular cells. In the 
present study, we have characterized the responses of microvascular endothelial cells to shear 
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stress in terms of their calcium signaling. We used ECs isolated from the adrenal medulla, a 
highly vascularized tissue whose vasculature is composed primarily of microvessels. We 
compared these cells with cells derived from the aorta and found differences in both the spatial 
and temporal characteristics of the calcium responses. Shear stress elicited calcium waves that 
originated from one or several cells and propagated to neighboring cells in RAMECs while the 
response in BAECs was rapid and synchronous. We further investigated the mechanisms for 
this novel pattern of response and cell-cell communication in RAMECs.  
2.2 Materials and Methods 
2.2.1 Cell Culture 
BAECs were obtained from Dr. Keith Gooch’s lab (University of Pennsylvania) and 
RAMECs were provided by Dr. Peter Lelkes (Drexel University). RAMECs were isolated 
from the adrenal medulla. During isolation, large vessels, including any sinusoidal capillaries 
were carefully removed by dissection. Thus, the isolated cells were primarily continuous 
capillary endothelium(81). ECs were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, Mediatech Cellgro, VA), supplemented with 10% fetal bovine serum (Sigma), 2 
mmol/L L-glutamine (Mediatech CELLGRO). The cultures were studied as confluent 
monolayer of polygonal cells. 
2.2.2 Ca2+ measurement 
Fluo3 was used as the Ca2+-indicator. Compared with fura-2, the higher Kd value reduces 
the buffering of the [Ca2+]i signal. In addition, the longer excitation wavelength avoids the cell 
damage by exposure to UV, and its large optical signal provides very good signal-to-noise ratio 
(87). Endothelial cells were loaded in the dark with fluo3 by incubation with 5 µmol/L 
Fluo3-acetoxymethyl ester (Molecular Probes, Inc.) in Dulbecco’s phosphate buffered saline 
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(DPBS) (Sigma) at pH 7.4, for 40 minutes at room temperature. Cell fluorescence was 
monitored and recorded. 
2.2.3 Device and mechanical stimulation 
A custom-built cell-shearing device based on a cone and plate configuration as shown in 
Fig. 2.1 was mounted on the microscope stage and used to apply precise mechanical loading 
conditions to the endothelial cells. The principle of the device was described in detail by 
Blackman et al..(12). Briefly, the device is based on a cone and plate geometry. The rotation of 
the cone relative to the stationary plate causes motion in the fluid between the two surfaces, 
thus impose a uniform level of shear stress on the cell surface. The magnitude of shear stress 
was controlled by the rotation velocity of the motor. ECs were cultured on coverslip and 
loaded with fluorescence dye fluo3. During experiments, the device was mounted on the 
microscope and the fluorescence was monitored and recorded. For each experiment, a volume 
of 1.2 ml DPBS (containing no exogenous ATP or other stimulatory agents) was added to the 
well to fill the gap between the cone and plate. For the mechanical loading period, endothelial 
cells were monitored for about 30 s under static conditions prior to the onset of shear stress to 
establish basal levels of calcium. Then, the shear stress was increased linearly to 5, 10, 20 or 
30 dyn/cm2 over 0.1 seconds and maintained at a steady level for 5 minutes. In addition, 
RAMECs were exposed to 60 dynes/cm2 shear stress to account for the fact that shear stress in 
the microcirculation can be significantly larger than in large vessels (6).  
2.2.4 ATP assay: 
ATP release from endothelial cells was determined using the luciferin-luciferase assay 
(Sigma). The samples (100 μl) collected from cells exposed to shear after 5 min. or sham 
controls were pipetted into the wells of a microplate. The plate was placed in a luminescence 
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counter (1450 MicroBeta Jet, PerkinElmer) and processed by injection of 50 μl ATP assay 
mix dilution buffer (20 fold dilution). ATP concentrations were calculated from a calibration 
curve constructed using ATP standards. 
2.2.5 Immunocytochemical staining: 
 Cells were fixed with 4% paraformaldehyde in DPBS for 20 min. Non-specific binding 
sites were blocked by incubation with blocking solution (10% normal donkey serum in DPBS) 
for 30 min. Cells were then incubated at room temperature with primary antibody (anti-P2Y2 
receptor; Calbiochem) diluted in 1% donkey serum in DPBS to a final concentration of 3 
µg/ml for one and a half hours and secondary antibody (anti-rabbit Alexa 488) diluted in 1% 
donkey serum in DPBS to a final concentration of 1:1000 for 1 hour in the dark. Control 
experiments were performed identically except for the omission of the primary antibody.  
2.2.6 Agonist stimulus protocol 
 To investigate the mechanism of heterogeneity of RAMECs, agonist stimuli were 
performed according to the following protocol: 
Protocol 1: Cells were exposed to uniform exogenous agonist (ATP, ionophore A23187 or 
thapsigargin) at their final concentration.   
 Protocol 2: Cells were first stimulated with an agonist - 1 µM ATP, and after the [Ca2+]i 
returned to near basal levels, ATP was washed out and cells were challenged with a second 
agonist—Bradykinin 1 µM. Then, the cells were stimulated with 100 µM ATP. 
2.2.7 Chemicals and reagents:  
The non-specific purinergic receptor blocker suramin, apyrase, Dulbecco’s phosphate 
buffered saline (DPBS), nucleotides adenosine triphosphate (ATP), Adenosine 5’-triphosphate 
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bioluminescent assay kit and 1-heptanol were purchased from Sigma. Suramin, apyrase, 
heptanol and ATP were directly dissolved at their final concentration in DPBS. Normal donkey 
serum was purchased from Jackson Immuno Research (West Grove, PA, USA). The 
Fluo3-acetoxymethyl ester and anti-rabbit Alexa 488 were obtained from Molecular Probes, 
Inc.. 
2.2.8 Image Analysis: 
To evaluate calcium dynamics, individual cells were outlined manually, and the average 
fluorescence intensity in each selected cell was calculated using Axon Imaging Workbench. To 
control for cell-to-cell variations in dye loading, all fluorescence measurements were 
expressed as a ratio (R) of fluorescence intensity (F) to the basal fluorescence intensity (F0). A 
fluorescence ratio value greater than 1.2 was selected as the criterion for cell activation 
because under control conditions, R fluctuated about the control level (R=1) with a standard 
deviation of 0.19. 
The following parameters characterizing the [Ca2+]i response to the flow or to agonist 
were analyzed: 1) fraction of activated cells (R > 1.2) in the observed field. 2) the amplitude of 
[Ca2+]i peak in activated cells as indicated by the peak fluorescence ratio 3) number of calcium 
waves initiated in the first 5 minutes after the initiation of shear stress 4) number of activated 
cells in each calcium wave propagation group. 
2.2.9 Statistical Analysis: 
For each experimental condition, a minimum of 3 runs were analyzed. Relationships 
between groups were compared using Analysis of variance (ANOVA) followed by Tukey’s test 
for significance between treatment groups. Results were expressed as mean±SEM. P<0.05 was 
considered to be significant.  
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2.3 Results: 
2.3.1 Shear stress induced calcium waves in RAMECs 
BAECs were exposed to shear stresses of 5, 10, 20 and 30 dyn/cm2, and changes in [Ca2+]i 
were monitored. Shear stress elicited a rapid and synchronous rise in [Ca2+]i (more than 90% 
BAECs were actived when exposed to shear stress of 20 dyn/cm2). The magnitude of the 
[Ca2+]i change increased as a function of shear stress (Fig.2.2 A, Fig. 2.2 B). The calcium rise 
began 1-3 seconds after shear stress initiation and reached its peak amplitude around 15 
seconds. It then decreased to near baseline levels (Fig.2.2 C). These results are consistent with 
previous reports (13, 120). In contrast, shear stress induced spatially heterogeneous calcium 
responses in RAMECs, originating from one or several cells and propagating to neighboring 
cells (Fig 2.3 A.) The propagation radius varied widely in the series of experiments, with 
activated groups ranging in size from 2 cells to 15 cells. During the propagation, the amplitude 
of the [Ca2+]i peak did not decline as a function of the distance away from the initiating cells 
(Fig.2.3 B, Fig. 2.3 C). In contrast to the synchronous response of BAECs, the calcium waves 
in RAMECs were initiated at different times and different locations. For example, in the 
experiment shown in Figure 2.3, 6 seconds after shear stress initiation, calcium waves were 
observed in cell group 1 and the cells exhibited calcium oscillations (Fig. 2.3 B). Calcium 
waves were triggered in cells group 2, 158 seconds later. Other small groups of calcium 
responses were also observed in the interim but not indicated in Fig.2.3. There was no 
consistent pattern in the calcium wave initiation or propagation. 
The calcium response time of BAECs and RAMECs is shown in Fig. 2.4. For BAECs, 
shear stress induced synchronous calcium responses and the response reached peak amplitude 
within 15 seconds. In contrast, RAMECs responded to shear stress at different times and the 
response times occurred mostly in the first 3 minutes. Furthermore, the average magnitude of 
the response did not depend on the time of the occurrence. 
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The number of calcium waves initiated and the average number of cells in each activated 
group under shear stress was significantly greater than in unsheared controls (Fig. 2.5A), but 
did not depend on the shear stress magnitude. Control cells exhibited occasional spontaneous 
[Ca2+]i oscillations, but there was no propagation of [Ca2+]i waves to neighboring cells. The 
amplitude of the responses was not dependent on shear stress nor were they statistically 
different from controls (Fig. 2.5B).  
2.3.2 Release of endogenous ATP 
Applying the media collected from cells exposed to shear to unsheared cells immediately 
activated calcium response in a small portion of RAMECs, which suggests release of 
vasoactive substances from the cells induced by shear stress. In the sham controls, the 
concentration of ATP in the collected medium was very low. (RAMEC: Lmoln /53.16 ± , 
BAEC: Lmoln /49.18 ± ). The stimulation of the cells with a shear stress of 20 dyn/cm2, 5 
min. led to an increase in extracellular ATP concentration in both BAECs 
( Lmoln /233.102 ± ) and RAMECs ( Lmoln /402.141 ± ) (Fig. 2.6). It is important to 
note that these final concentration values depend on the volume of fluid in the experimental 
chamber. Thus, in order to compare values from different experimental models, the amount of 
ATP per cell is the relevant datum.  Shear stress stimulated BAECs and RAMECs to produce 
13.5 and 18.6 picomoles ATP per million cells per minute, respectively. 
2.3.3 The effect of suramin, apyrase and 1-heptanol on the shear stress induced 
calcium waves 
To investigate whether the initiation and propagation of calcium waves in response to 
shear stress was mediated by ATP, cells were pretreated with suramin, a non-specific P2 
receptor blocker, for at least 10 minutes before the shear experiments. Suramin treatment 
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significantly inhibited both the initiation and propagation of calcium waves (Fig. 2.7 A). 
However, the presence of suramin did not change the magnitude of [Ca2+]i peak amplitude in 
the responding cells (Fig. 2.7 B). Suramin pretreatment significantly reduced the magnitude of 
calcium responses to shear stress in BAECs (Fig 2.12). As a negative control, suramin was 
added to both BAECs and RAMECs, and it did not lead to calcium mobilization in either of 
them. 
To rule out the non-specific effects of suramin, we also investigated the dependence of the 
calcium signaling on released ATP by conducting the experiments in the presence of apyrase, 
which degrades extracellular ATP. Applying of 10 U/ml apyrase resulted in an inhibition 
similar to the suramin pretreated group (Fig. 2.7 A & B). Administration of apyrase also 
significantly inhibited the magnitude of calcium response to shear stress in BAECs (Fig. 2.12).  
To test the possibility that spreading of the calcium from the initial responding cells to 
adjacent cells was due to gap junctional communication, we pretreated RAMECs for 15 min. 
with 3 mmol/L 1-heptanol, which inhibits gap junctions. Inhibition of gap junctional 
communication had no effect on the shear stress-induced calcium waves (Fig. 2.7 A & B). 
2.3.4 The [Ca2+]i response to ATP in RAMECs 
That suramin inhibited calcium wave initiation and propagation suggests that ATP release 
and autocrine/paracrine signaling is involved in the shear stress-induced [Ca2+]i response in 
RAMECs. To further investigate the heterogeneity of the response and the role of ATP, we 
measured calcium responses of the cells to exogeneous ATP stimulation. The application of 
ATP to RAMECs elicited a rapid [Ca2+]i response that was spatially and temporally 
heterogeneous (Fig.2.8) ATP induced an immediate [Ca2+]i response in some individual cells. 
Then, the [Ca2+]i increase was observed in adjacent cells. The magnitude of the [Ca2+]i 
transient did not decline as the [Ca2+]i changes propagated away from the initial response. 
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Another characteristic of the RAMEC response to ATP was the large variability in the calcium 
oscillations even for contiguous cells (Fig. 2.8 B, C). ATP could initiate calcium oscillations 
which persisted for the full duration of the observation (around 5 minute) (cell 1) or 
oscillations which had only 1 or 2 transients (cell 2, 3).  In some of the cells, [Ca2+]i 
decreased to baseline without any oscillations (cell 4). The long lasting oscillations were 
usually observed in the initially responding cells.  
The fraction of activated cells increased as a function of ATP concentration (Fig.2.9). The 
percentage of responding cells is defined as the number of responding with a detectable 
increase in Ca2+ reported to the total number of cells within the filed (about 200 cells per field). 
Even 100 µmol/L ATP evoked a response in only around 70% of the cells. Low doses of ATP 
evoked [Ca2+]i increases just in individual cells. Higher ATP concentrations induced [Ca2+]i 
transients that propagated to adjacent cells. The magnitude of the rise in [Ca2+]i elicited by ATP 
was not dependent on the concentration in the range of 0.1 µmol/L to 100 µmol/L (Fig. 2.9 B). 
The peak amplitude of [Ca2+]i was reduced only at a level of 0.01 µmol/L ATP. The rise time 
and return to basal level were not affected by ATP concentration level (Fig. 2.9 C). 
 When two different doses of ATP (1 µmol/L and 100 µmol/L) were applied sequentially 
to the same cells, 100 µmol/L ATP activated more cells than 1 µmol/L. The same cells that 
responded to 1 µmol/L ATP (Fig. 2.10(a)) were also all activated by 100 µmol/L ATP (Fig. 
2.10(b)) with similar Ca2+ peak amplitude. 
2.3.5 The [Ca2+]i response to ATP in BAEC 
Parallel experiments were conducted using BAECs. BAECs responded to ATP in a 
dose-dependent manner. At the lowest concentrations of ATP (0.01 µmol/L and 0.1 µmol/L), a 
very small fraction of cells was activated with low [Ca2+]i amplitude. ATP evoked rapid, 
simultaneous and homogeneous [Ca2+]i transients in all the cells (Fig. 2.8A). Higher doses of 
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ATP evoked higher peak amplitude and longer duration of [Ca2+]i response elevation (Fig. 
2.11). 
2.3.6 The effect of suramin pretreatment on the [Ca2+]i response to ATP 
In these experiments, we confirmed that suramin treatment can block the calcium 
response to ATP in RAMECs. Incubation with 400 µmol/L suramin resulted in a complete 
inhibition of [Ca2+]i in response to ATP stimulation up to 1 µmol/L. Higher concentrations of 
ATP induced increasing percentage of activated cells, but suramin pretreatment caused a 77% 
inhibition in 10 µmol/L ATP and 22% in 100 µmol/L ATP activation. While suramin 
significantly reduced the number of responding cells to ATP stimulation, the amplitude of 
[Ca2+]i peak in the activated cells was not affected (Fig. 2.9). Suramin significantly reduced the 
[Ca2+]i peak amplitude to 1uM ATP in BAECs (Fig. 2.12). 
2.3.7 P2Y2 receptor staining: 
The expression of P2Y2 receptors on RAMECs and BAECs was compared by 
immunofluorescence (Figure 2.13). P2Y2 receptor immunoreactivity was clearly present on the 
BAECs and the mean fluorescence intensity was significantly higher than RAMECs. The 
immunolabelling of P2Y2 receptor in RAMECs also showed a nonuniform pattern of 
expression. Strong immunoreaction was found in a few cells which had bright fluorescence 
over the whole cell membrane. Lighter binding was present in some cells which expressed 
faint fluorescence. Unlabeled or very weak labeled cells were also present with very dim 
fluorescence (Fig.2.13). 
2.3.8 Agonists stimuli experiments 
To investigate the mechanisms responsible for the heterogeneity, we stimulated the cells 
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with other agonists. Calcium ionophore A23187 induced uniform calcium increase in all the 
RAMECs as shown in Fig. 2.14.A. Similarly, thapsigragin, cell-permeable, IP3-independent 
intracellular calcium releaser, also increase [Ca2+]i homogeneously in all the cells (Fig. 2.14. 
B). Bradykinin in the range of 0.1µM-10µM induced calcium transient in 10%-20% RAMECs. 
The calcium response magnitude in the activated cells over the entire concentration range 
varied little. In Fig.2.14 C , the cells were stimulated with a first agonist—1µM ATP, and after 
the [Ca2+]i returned to near basal levels, ATP was washed out and cells were challenged with a 
second agonist—Bradykinin 1µM. Then, the cells were stimulated with 100µM ATP. The 
results showed few cells responded to both 1µM ATP and 1µM bradykinin, however, for the 
activated cells, ATP and bradykinin were equipotent in the peak amplitude of the [Ca2+]i. The 
same cells that responded to 1 µmol/L ATP were also all activated by 100 µmol/L ATP, which 
is consistent with Fig.2.10.C.  
2.4 Discussion: 
The results of the present study demonstrate for the first time that BAECs and RAMECs 
respond differently to shear stress. In BAECs, shear stress elicited a rapid and transient rise in 
[Ca2+]i that was synchronous across the monolayer. Furthermore, the magnitude of the [Ca2+]i 
change was dependent on the level of shear stress, consistent with previous reports(13, 120). In 
contrast to the response in aortic ECs, RAMECs responded to shear stress with [Ca2+]i 
transients that were spatially heterogeneous and asynchronous. Responding cells initiated a 
wave-like propagation to neighboring cells of the [Ca2+]i transients whose magnitude was 
independent of the shear stress level. Our results with BAECs are also similar to previous 
results findings using rat aortic ECs (71, 134), suggesting that the characteristics of the 
response are not species dependent . 
We showed that both BAECs and RAMECs release ATP in response to shear stress. 
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Spatially uniform, exogenously applied ATP produced a similar spatially heterogeneous 
calcium responses in RAMECs that was similar to the shear stress response. The initiation and 
the propagation of calcium waves in RAMECs, induced either by shear stress or exogenous 
ATP, were significantly suppressed by suramin, a purinergic receptor blocker. The Calcium 
ionophore A23187 and thapsigragin, IP3-independent intracellular calcium releaser, increase 
[Ca2+]i synchronously and homogeneously in all the cells. Furthermore, immunocytochemical 
staining indicated nonuniform expression of P2Y2 receptors in RAMECs. Based on our 
observations, we propose a mechanism for the spatial heterogeneity of the shear stress 
response of RAMECs in which shear stress causes the release of ATP, which then elicits 
calcium responses from a subset of cells that are differentially sensitive to ATP. Then, 
additional ATP is then released from those cells, creating a locally elevated concentration, 
sufficient to activate the calcium response in neighboring cells. 
It has previously been shown that shear stress induces ATP release from large vessel ECs 
(17, 132, 133, 135). Our data provides for the first time evidence that ATP is also released from 
microvascular endothelial cells in response to shear stress. Meanwhile, our data strongly 
suggest that ATP mediates both the initiation and propagation of calcium waves in response to 
shear stress via purinergic receptor activation. Preincubation with a purinergic receptor blocker 
or enzymatic degradation of extracellular ATP significantly inhibited the calcium wave 
initiation and propagation. Furthermore, when unsheared RAMEC cells were exposed to the 
media collected from cells that were exposed to shear stress, a calcium response was 
immediately activated in a small portion of the unsheared cells. It should, however, be 
mentioned that suramin is relatively nonselective. It may disturb other cellular pathways in 
addition to its effect on purinergic receptors. Caution is needed in interpreting the data 
generated from the use of suramin. Nevertheless, the data from the apyrase experiment provide 
confirmation that ATP release during the shear stress is required for the calcium response.   
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Our study indicates that ATP released in response to shear stress mediates 
mechanotransduction in microvascular endothelial cells. The physiological role of ATP release 
in endothelial cells in vivo has not been thoroughly elucidated but many possibilities exist. 
One possible physiological effect of ATP release in the microcirculation, that is, regulation of 
blood vessels vasodilation/vasoconstriction has also been pointed out by other previous studies. 
Additionally, ATP has been shown to induce the synthesis of nitric oxide in endothelial cells(2), 
a major modulator of vascular smooth muscle tone. With regard to shear stress, Liu et al. 
showed a synergistic effect of ATP and flow on dilation that was attenuated by application of 
purinergic antagonists in isolated rat small mesenteric arteries(76); however, they did not 
investigate the response to flow in the absence of exogenous ATP.  
The potential role of shear stress-stimulated ATP release in the control of microvascular 
perfusion is further suggested by the following studies. McCullough et al. reported that 
application of micromolar amounts of ATP into first and second order arterioles resulted in a 
significant conducted vasodilation in the same arteriole as far as 1750 µm upstream from the 
site of application (85). Furthermore, Collins et al. showed that intraluminal application of ATP 
in a collecting venule resulted in an increase in arteriolar diameter and red blood cell flux in 
capillaries (29). Thus, it appears that ATP is capable of stimulating vasodilatory responses in 
microvascular networks that propagate well beyond the point of application (upstream and 
downstream). Therefore, flow induced ATP release by capillary endothelial cells, as observed 
in our experiments, may serve a role in coordinating the microvascular response to meet the 
perfusion requirements of the tissue.  
Bodine and Burnstock previously quantified the ATP concentration when HUVECs were 
exposed to 25 dyn/cm2 shear stress using a luciferin-luciferase assay, and results showed that 
the highest concentration of ATP (0.1 µmol/L) was seen after 3 minutes of shear (135). In our 
study, the amount of ATP released from RAMECs exposed to 20 dyn/cm2 shear stress was very 
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similar (0.14 µmol/L). This value, however, represents the average concentration in the bulk 
fluid. As ATP is released from the cell monolayer under flow, the concentration in the diffusive 
boundary layer adjacent to the cells will be much higher than in the bulk. To estimate the 
concentration of ATP at the cell surface in our shearing experiments, we can find the 
exogenously-applied ATP concentration for which suramin treatment inhibited the calcium 
response to a similar degree. Thus, we estimate the cell surface concentration to be 
approximately 1-10 µM.  
We have proposed that the spatial heterogeneity of the calcium response of RAMECs to 
shear stress is due to the nonuniform sensitivity to ATP. This is supported by our experiments. 
There are several possible causes of the response difference among the cells. First, there may 
be wide variation in the distribution or expression of G protein related receptors or in their 
binding properties from cell to cell. The alternate mechanisms to explain the heterogeneity are 
differences in post-receptor coupling signaling mechanisms like the amount of IP3 generation, 
the variable number of IP3 receptors or heterogeneity in intracellular calcium store. If the main 
source of variation is the IP3 generation or IP3 receptors, we predict that the cells responded to 
1µM ATP should respond to 1µM bradykinin since both ATP and bradykinin act on G 
protein-coupled receptors and stimulate phospholiphase C and generation of IP3, which 
triggers Ca2+ release from intracellular stores. The later application with 100µM ATP showed 
no reduction in calcium peak amplitude, which demonstrated that cells did not respond to 
bradykinin was not due to the lack of calcium in the internal stores and vice versa. Calcium 
ionophore A23187 and thapsigargin induced homogeneous [Ca2+]i increase in all of the cells, 
means that the variability in dye concentration and intracellular calcium store are not the 
mechanisms underlying the heterogeneity. Taken together with the present results, these 
observations suggest that the main source of variation was the heterogeneous distribution of G 
protein-coupled receptors in RAMECs. This finding was confirmed by the nonuniform pattern 
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of expression of P2Y2 receptors. The mechanism by which shear stress elicits the release of 
ATP is unknown, and it is possible that heterogeneity in the sensing mechanism involved in 
this response also contributes to the heterogeneity of the [Ca2+]i response. Davies et al. 
proposed that heterogeneous responses to shear stress could be due to the variations in the 
detailed distribution of shear stresses acting on the cell surface owing to the specific surface 
topography of the monolayer (8, 33). While it is possible that this mechanism contributes to 
the heterogeneity we observed, this explanation seems incomplete in this case. There was no 
dramatic difference in the morphology of the two cell types, so one would expect similar 
heterogeneity in the BAEC response if it were determined by surface topography alone.  
There are two major families of nucleotide receptors, defined based on molecular 
structure and signal transduction mechanisms. P2X receptors are ATP-gated Ca2+-permeable 
channels, where ATP binding directly causes Ca2+ influx from extracellular space. P2Y 
receptors are G protein-coupled receptors and are linked to the stimulation of phospholiphase 
C and the generation of inositol(1,4,5)-trisphosphate (IP3), which triggers Ca2+ release from 
intracellular stores(109). Even though Yamamoto, et al., demonstrated shear stress activated 
Ca2+ influx into HUVECs via P2X4 purinoceptors, there is evidence from several studies that 
supports the IP3-mediated release from intracellular stores as the primary source of calcium in 
response to flow (13, 120). Prasad et al. and Nollert et al. showed that IP3 production increases 
in responses to flow with an initial peak at 15 seconds, and the increase is proportional to shear 
stress magnitude (95, 105). We evaluated the P2Y2 receptors in this study because P2Y2 are 
present in endothelial cells from both aorta (88) and adrenal medulla(84). Furthermore, the IP3 
response to ATP appears to be mediated exclusively by P2Y2 in the endothelial cells from 
adrenal medulla (1, 106). However, other purinergic receptors coexist in endothelial cells from 
both aorta and adrenal medulla, and ATP is able to evoke calcium increases by activating these 
receptors (30, 84). Thus, it is possible there is similar heterogeneity in other purinergic 
  
31 
receptors, which could also contribute to the calcium response. 
Our results suggest that the calcium wave propagation in RAMECs is due to ATP-induced 
ATP release. 1-heptanol pretreatment did not inhibit the calcium waves, suggesting RAMECs 
did not require gap junctions to propagate calcium response or that gap junctions were not the 
main pathway of the intercellular calcium wave. The observation that suramin incubation 
reduced the spreading of calcium, indicates that the calcium wave operates via ATP release. 
The spreading of the calcium signal when RAMECs were exposed to spatially-uniform 
exogenous ATP suggests that a localized peak in ATP concentration due to its release by the 
initially-responding cell is capable of stimulating neighboring cells. This is consistent with the 
previous finding that ATP released from endothelial cells stimulates the release of additional 
ATP(16).   
It has been documented that the magnitude of ATP release from large vessel ECs in 
response to shear stress is dependent on the level of shear stress (17, 135). If in the RAMECs, 
the ATP is released in proportion to shear stress, then one might expect that the number and 
size of the responding groups would increase with shear stress. However, as the shear rate is 
increased, the diffusive boundary layer will be reduced in thickness, facilitating the removal of 
ATP from the cell surface by convective transport. This situation has been modeled by John 
and Barakat who found that depending on the relationship between shear stress and ATP 
release, the surface concentration does not necessarily increase monotonically with increasing 
shear stress (63). In our study, the number and size of the responding groups were not 
statistically different over the shear stress range 5-60 dyn/cm2.  
Our study did not directly identify the mechanisms for the heterogeneity in the temporal 
response in RAMECs. One possible cause for the delay of the response is the time course of 
ATP accumulation in the medium necessary to reach the threshold of individual cells with 
different sensitivities to ATP. Our data (Fig 2.4) show that most responses occurred in the first 
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3 minutes. This is consistent with Burnstock’s group’s result that the peak concentration of 
ATP in the collected medium occurred 3 minutes after the application of shear stress(17, 135). 
Another possible mechanism is the different time course for IP3 accumulation induced by ATP 
stimulus in aortic and adrenal medullary endothelial cells(1). In aortic cells, the IP3 response 
reaches a maximum within a few seconds, followed by a rapid fall. In adrenal medullary 
endothelial cells, a substantial response is observed within a few seconds, and then IP3 
concentration continues to rise without reaching a maximum up to 5 minutes after 
stimulation(1). IP3 acts as a messenger to link G protein-linked receptors with intracellular 
calcium activity. The slower time course of IP3 accumulation to reach its threshold and then 
induce calcium response in RAMEC may explain the delay in the [Ca2+]i rise induced by shear 
stress. One of the characteristics of the response in RAMECs was the large number of 
responding cells with long duration calcium oscillations in contrast to the very few BAECs 
with oscillations. It is possible that the incidence of calcium oscillations observed in RAMECs 
is also due to the slower time course of IP3 accumulation since sustained concentrations of IP3 
are known to generate intracellular calcium oscillations(92).  
Another feature of the calicium signaling in RAMECs was also qualitatively different 
from BAECs. The RAMECs did not exhibit a graded response either to different levels of 
shear stress or to different concentrations of exogenous ATP. The following observations 
support the all-or-none response of RAMECs: 1) Only a fraction of RAMECs responded to 
ATP. Higher levels of ATP increased the fraction of activated cells but did not increase the 
calcium peak amplitude, suggesting a threshold in the purinergic signalling in RAMECs. Once 
the threshold was reached, the transduction system was maximally activated. 2) Suramin 
pretreatment significantly reduced the fraction of activated cells in response to ATP, but the 
Ca2+ peak amplitude of activated cells remained the same. 3) In the flow experiments, suramin 
pretreatment inhibited the calcium initiation and propagation but had no effect on the calcium 
  
33 
peak amplitude. 4) When the same culture was exposed sequentially to 1 µmol/L ATP and 100 
µmol/L ATP, the high concentration of ATP activated more cells than low concentration, but 
did not change the Ca2+ peak amplitude. Furthermore, the same cells that responded to the low 
concentration (Fig. 7(a)) were also all activated by the high concentration (Fig. 7(b)) with 
similar calcium amplitude. The mechanisms of this all-or-none response remains unclear, and 
additional studies are needed to elucidate them. 
The framework we offer for considering the differences between aortic and microvascular 
endothelial cells in their response to shear stress may be a useful extension of our 
understanding of the diversity and regional specificity in ECs. It provides insight into the 
well-recognized regional variations in physiological properties that affect the vascular system. 
In particular, we have identified two distinct modes of signal modulation. In the aortic 
endothelium, the strength of the signal is modulated by the dose-dependent amplitude of the 
response in individual cells. In the microvascular endothelium, taken as a multicellular unit, 
the strength of the signal is modulated by the number and frequency of responding cells. The 
ramifications of this novel mode of signaling for the physiological function of microvascular 
networks are not clear and require further study. 
Heterogeneous calcium responses in microvascular endothelial cells have been reported in 
vivo and in isolated vessels (100, 103). ATP would act on endothelial cell purinergic receptors 
regulating microvascular permeability via control of intracellular calcium signaling. The 
transient increases in [Ca2+]i can remain within localized regions(100), which correlate with 
sites of macromolecule leakage(86, 100) or can spread to neighboring cells as a calcium 
wave(137), serving to coordinate vascular functions. Our in vitro model appears to simulate 
many of these characteristics and has allowed us to propose a mechanism for heterogeneous 
cell activation and signal transmission to neighboring cells. Our hypothesis suggests that in 
microvessels, ATP plays a central role in the cell signaling in response to shear stress and 
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serves to amplify and spread the effects of vasoactive agonists or shear stress beyond their 
initial sites of action. By this means, ATP acts as an autocrine and paracrine hormone, serving 
to integrate the heterogeneity of individual cell responses and coordinate vascular functions. 
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Fig 2.1 Controlled Shear Stress Device –based on cone and plate geometry (Blackman et al, 
2000). The rotation of the cone relative to the stationary plate causes motion in the fluid between 
the two surfaces, thus impose a uniform level of shear stress on the cell surface. The magnitude of 
shear stress was controlled by the rotation velocity of the motor. ECs were cultured on coverslip 
and loaded with fluorescence dye fluo3. During experiments, the device was mounted on the 
microscope and the fluorescence was monitored and recorded. 
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Fig.2.2. The [Ca2+]i response to shear stress in BAECs. (A) Sequential images of Fluo3 
fluorescence taken from BAECs at various times after onset of shear stress (τ=20 dyn/cm2). Shear 
stress elicited a rapid, synchronous and relatively homogeneous calcium change in BAECs. The 
raw data shown here reflects variations in dye concentration, basal [Ca2+]i level, and cell 
  
37 
morphology. The relative changes in [Ca2+]i are indicated by the fluorescence ratio, which is 
insensitive to these variations. (B) Dose dependence of peak calcium amplitude on the magnitude 
of shear stress (P<0.01).  
 
  
38 
A: 
 
 
 
 
 
 
 
 
 
 
 
  
39 
B: 
Group 1
0
1
2
3
4
5
6
7
0 30 60 90
Time (s)
Fl
u
o
re
sc
en
ce
 
ra
tio
cell 1 cell 2
cell 3 cell 4
cell 5 cell 6
cell 7 cell 8
 
 
 
C: 
Group 2
0
1
2
3
4
5
6
150 180 210 240 270
Time (s)
Fl
u
o
re
sc
en
ce
 
ra
tio
cell 1 cell 2
cell 3 cell 4
cell 5 cell 6
cell 7 cell 8
cell 9
 
 
Fig.2.3. Shear stress-induced calcium wave in RAMECs. (A) Single frames of data are shown at 
various times after the onset of shear stress. The calcium wave was observed at cell group 1 and 2 
at 16 s and 172 s respectively after shear stress initiation. In both of the groups, calcium waves 
started from one or several cells, then propagated to neighboring cells seconds later. (B) The time 
course of the normalized fluorescence amplitude of the cells indicated in group 1. The Ca2+ peak 
amplitude did not diminish during the calcium wave propagation. (C) The time course of the 
normalized fluorescence amplitude of the cells indicated in group 2. 
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Fig.2.4 Scatter plots of the peak calcium amplitude vs time. (cells were exposed to 20 dyn/cm2 
shear stress, 20 responding cells were selected at random from a single experiment, which was 
representative of 6 similar experiments).  
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Fig. 2.5 Intercellular calcium wave features of RAMECs subjected to different levels of shear 
stress: A The number of [Ca2+]i waves initiated within 5 min of the onset of shear stress and the 
average number of activated cells in each group were greater than controls (p<0.05) but not 
dependent of the level of shear stress (p>0.1). In static controls (no shear stress), occasional 
spontaneous [Ca2+]i oscillations were observed. B. The magnitude of the [Ca2+]i changes was not 
dependent on the level of shear stress. In controls, the amplitude of spontaneous [Ca2+]i oscillations 
was not statistically different from the magnitude of the calcium changes under varying shear stress; 
however, there was no propagation of [Ca2+]i waves to neighboring cells, so the variance of the cell 
group number is zero. 
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Fig. 2.6 ATP release from from endothelial cells under conditions of shear stress. The cells 
were subjected to a shear stress 20dyn/cm2 or sham control for 5 mins and aliquots of bathing 
buffer were collected and assayed for ATP concentration. (* p<0.005, # p<0.05 compared with 
control) 
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Fig.2.7 Effect of suramin, 1- heptanol and apyrase on flow induced [Ca2+]i waves in RAMECs. 
(n=10 for untreated, n=8 for suramin pretreatment, n=10 for apyrase pretreatment, n=3 for 
1-heptanol pretreatment, * p < 0.01 compared with untreated, # p<0.01 compared with untreated) A, 
Suramin and apyrase pretreatment significantly decreased both the initiation and propagation of 
shear stress induced Ca2+ wave, but 1-heptanol pretreatment did not inhibit the shear stress induced 
Ca2+ wave. B. Neither suramin, apyrase nor 1-heptanol pretreatment affected the peak [Ca2+]i 
amplitude in responding cells. 
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Fig. 2.8 ATP induced calcium response, BAECs vs. RMAECs A. 10µM ATP evoked 
synchronous [Ca2+]i transients in BAECs and heterogeneous [Ca2+]i response in RAMECs. B. The 
application of ATP to RAMECs elicited a rapid [Ca2+]i response that was spatially and temporally 
heterogeneous. The addition of ATP immediately induced a [Ca2+]i response in a subset of 
individual cells. The [Ca2+]i increase then spread to adjacent cells. C. The temporal characteristics 
of the [Ca2+]i changes elicited by ATP depended on the cell’s position within the group. The 
initially responding cell exhibited sustained oscillations while more distant cells had a single 
transient. 
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Fig.2.9 Dose-dependent effect of ATP on the [Ca2+]i response in RAMECs and the effect of 
suramin pretreatment (n=7-8 for each group). A. The percentage of activated cells increased as a 
function of the ATP concentration (+ p<0.001 compared with 0.01 µM, ﹡p <0.001 compared with 
0.1 µM, ＊P<0.005 compared with 1µM), and suramin pretreatment significantly reduced the 
fraction of activated cells (# P<0.01). B. The [Ca2+]i amplitude was not dependent on ATP 
concentration in the range of 0.1 µmol/L to 100 µmol/L. Also, suramin pretreatment did not 
significantly affect the peak [Ca2+]i amplitude in activated cells. C. The normalized fluorescence 
amplitude of activated cells over the time. Each trace shown is the average of 7~8 independent 
experiments. With suramin treatment, there were no activated cells at ATP concentration of 0.01-1 
µmol/L. 
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Fig.2.10 The Ca2+ response of RAMECs to sequential application of 1 µmol/L and 100 µmol/L 
ATP separated by 60s. 100 µmol/L ATP activated more cells than 1 µmol/L; however, all the cells 
that responded to 1 µmol/L ATP also responded to 100 µmol/L with similar Ca2+ peak amplitude 
(indicated by white outline). 
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Fig.2.11 The time course of the normalized intracellular [Ca2+]i response of BAECs subject to 
different concentrations of ATP. For BAECs, both the magnitude and duration of the response 
were dependent on ATP concentration. Each trace shown is the average of 6~8 independent 
experiments. Triangle indicates addition of ATP. 
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Fig 2.12 Effect of suramin on flow and ATP induced [Ca2+]i responses in BAECs. (n=10 for 
shear stress control, n=7 for shear stress, suramin pretreatment, n=12 for ATP 1 µM, n=9 for ATP 1 
µM, suramin pretreatment, n=11 for ATP 100µM, n=4 for ATP 100 µM, suramin pretreatment. 
Suramin pretreatment significantly decreased both the shear stress and ATP induced Ca2+ response. 
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Fig.2.13 Expression of P2Y2 receptor on RAMECs and BAECs. P2Y2 receptor immunoreactivity 
was clearly present on the BAECs and the mean fluorescence intensity was significantly higher 
than RAMECs. Immunoreactivity for P2Y2 receptor in RAMECs was heterogeneous, with a few 
cells staining brightly and little or no staining in surrounding cells. 
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Fig.2.14 The calcium response of RAMECs to Ionphore, Tg, BK. A. Calcium ionophore 
A23187 induced synchronous and uniform calcium increase in all the RAMECs. B. Thapsigargin, 
IP3-independent intracellular calcium releaser, also increase [Ca2+]i homogeneously in all the cells. 
C. RAMECs were stimulated with a first agonist—1µM ATP, and after the [Ca2+]i returned to near 
basal levels, ATP was washed out and cells were challenged with a second agonist—Bradykinin 
1µM. Then, the cells were stimulated with 100µM ATP. The results showed few cells responded to 
both 1µM ATP and 1µM bradykinin, however, for the activated cells, ATP and bradykinin were 
equipotent in the peak amplitude of the [Ca2+]i. 
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CHAPTER 3 
Nitric Oxide Production Mediated by Endoplasmic Reticulum Liberation and 
Capacitative Calcium Entry in Response to Shear Stress and ATP stimulus 
3.1 Introduction 
Lying at the inner surface of blood vessels, the endothelial cells (ECs) are unique for their 
multi-functional nature. They function to modulate vascular tone, regulate immune responses, 
control blood coagulation states, adjust vascular permeability, and prompt angiogenesis and 
vessel repair(125). Most of these endothelial functions depend to various extents on changes in 
intracellular calcium concentration ([Ca2+]i). In respond to vasoactive aognists (ATP, 
Bradykinin etc.) and mechanical stimuli, endothelial cells elevate [Ca2+]i transiently via release 
of Ca2+ from the endoplasmic reticulum through inositol 1,4,5-trisphosphate (IP3)-sensitive 
release channels. The depletion of intracellular Ca2+ stores is followed by Ca2+ influx via 
calcium channels in the cell membrane. This influx is referred to as capacitative calcium entry 
(CCE), also called store operated calcium entry (SOC).  
eNOS is regulated in a Ca2+ --calmodulin – dependent manner. While some reports 
suggest a correlation between the magnitude of the free calcium concentration and the isolated 
eNOS activity(20), others could not demonstrate such association in endothelial cells(74). 
Recent studies provided evidence that the source of calcium appears to be relevant for the 
efficient activation of eNOS. In the absence of extracellular calcium, NO production is greatly 
reduced. Several groups have shown that Ca2+ entering via CCE is the preferential source for 
eNOS activation(36, 74). NO also affects the Ca2+ signaling, by an autocrine action in ECs 
themselves(24, 36, 123). The aim of our study was to perform detail study to exam the role of 
Ca2+ in eNOS activity; the relationship between duration and magnitude of [Ca2+]i load and 
NO production. We also address the communication between NO production and EC Ca2+. 
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3.2 Materials and Methods  
3.2.1 NO measurement: 
 Fluorescence Measurement: For direct intracellular nitric oxide (NO) measurement, 
BAECs were loaded with membrane-permeant DAF-FM diacetate 
(4-amino-5-methylamino-2'7'-difluorofluorescein diacetate, DAF-FM DA, Molecular Probes, 
Inc.) (10 µM) in PBS for 30 min at room temperature(134). DAF-FM is in preference to its 
predecessor DAF-2 since fluorescence from the NO-DAF-FM is influenced less by change in 
PH. In addition, DAF-FM is more sensitive to NO than that of DAF-2(67, 68). Cells were 
subsequently washed for three times. DAF-FM fluorescence was excited at 480nm. Emitted 
cellular fluorescence was recorded at 540nm. Changes in cellular DAF-FM fluorescence are 
normalized as F/F0, thus representing percentage increases above basal level. 
NO electrode Measurement: The real time NO production was measured using carbon 
fiber electrodes (Carbostar-1, Kation Scientific)(126). The dimension of the electrode is shown 
in Fig 3.2 A. The tip of the electrode was coated with Nafion (5% wt dissolved in aliphatic 
alcohols, sigma) to eliminate the interference caused by active anions (e.g., nitrite, nitrate, and 
ascorbate)(139). The coating consisted of two individual processes. Each coating was applied 
by immersing the electrode tips into nafion solution for 10 mins and then drying at room 
temperature for at least 30 mins. After drying, a very thin membrane covered the electrode tips. 
The microelectrodes were polarized at +0.8V relative to an Ag/AgCl reference electrode. NO 
will be oxidized at the working electrode surface producing a redox current. This oxidation 
proceeds via an electrochemical reaction followed by a chemical reaction.(139). The 
electrochemical reaction is one electron transfer from the NO molecule to the electrode, 
resulting in a cation formation: 
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+→− NOeNO  
In the presence of OH-, NO+ is further converted into nitrite: 
−+−+ +→→+ 22 NOHHNOOHNO  
Nitrite can then be further oxidized into nitrate. The amount of NO oxidation is thus 
proportional to the current flow between working and reference electrodes; the current was 
amplified with a picoammeter (Model 610; Keithley Instruments, Cleveland, OH) 
Calibrations are carried out in PBS (PH=7.4) at room temperature. First, the system is 
bubbled with nitrogen for a period of 10-15 min until a stable zero electrode signal is obtained. 
NO gas is then bubbled through the deoxygenated solution for 5-10 min until a stable signal is 
obtained. The system is then purged with nitrogen to get the baseline again, drifts are corrected 
if necessary (Fig. 3.2 B). The linearity of the electrodes has been proved by Tsai et al..(126). 
The sensitivity of the electrodes is calculated using NO solubility of 1.876 mM at room 
temperature (25 °C ) as shown in Fig. 3.2 C. 
Cellular NO production measurement: BAECs are plated on coverslips and grown on 
90% confluence. The cells are then bathed in Tris-HCL buffer. For simultaneous measurement 
of [Ca2+]i and NO production in response to ATP, BAECs are loaded with calcium indicator 
Fluo3. NO electrode is placed as close as possible above the cells (less than 10uM). The total 
buffer volume in the bath is 2ml. A small bolus (1 ml) of ATP (150 µM, diluted in Tris buffer) 
is delivered topically in the solution through a tube near the measurement site (the total 
delivery time is 10 s). The current response is continuously measured after addition of ATP. 
The response in picoamperes is converted to NO concentration based on the calibration for 
each microsensor. Between experiments, the electrodes are recalibrated. The tips are cleaned 
and new Nafion membranes are applied whenever necessary.  
  
55 
3.2.2 Chemicals and reagents:  
The Dulbecco's phosphate buffered saline (DPBS), nucleotides adenosine triphosphate 
(ATP), and EGTA, were purchased from Sigma. Normal donkey serum was purchased from 
Jackson Immuno Research (West Grove, PA, USA). The Fluo3-acetoxymethyl ester, 
DAF-FM-DA were obtained from Molecular Probes, Inc.. Tris-HCL buffer contained 25mM 
Tris/Tris-HCL, 137mM NaCl, 2.7mM KCl, 1mM MgCl2, 4mM CaCl2 was utilized. The 
Ca2+-free buffer consisted of Tris-HCL buffer solution in which CaCl2 was replaced with 
EGTA (1mM). 
3.3 Results: 
3.3.1 Use of DAF-FM to measure NO 
Because NO does not dissociate from DAF-FM (D) once this dye reacts with NO, the NO 
sensitive fluorescence with DAF primarily represents a cumulative amount of NO within the 
cells. An obvious disadvantage of this method for real time NO measurement is that the 
fluorescence curve does not represent the actual NO concentration. The formation of the 
DAF-FM fluorescence complex (NOD) can be described by a process:  
DNONOD +⇔  
The DAF-FM fluorescence intensity will change in response to the binding of and unbinding 
of NO as described by 
][]][[][ NODkDNOk
dt
NODd
offon −=  
Since NO does not dissociate with DAF-FM once they bind, koff = 0 and then 
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]][[][ DNOk
dt
NODd
on=  
Since [D] is much larger than [NO], and thus can be considered as constant. Therefore, 
the concentration of NO is proportional to the time derivative of the fluorescence intensity 
(d(F/F0)/dt). To more representatively show the features of NO-DAF fluorescence and to 
accurately present the NO-DAF-FM fluorescence and cellular NO production, we perform 
experiments to determine the fluorescence kinetics of DAF-FM. The results are shown in Fig. 
3.1 A and B. 
To confirm that intracellular DAF-FM indeed sensed NO and determine the fluorescence 
kinetics, cells loaded with 10 µM DAF-FM were treated with saline equilibrated with NO (3.6 
µM). As shown in Fig.3.1 A, exogenous NO led to a robust increase in DAF-FM fluorescence. 
After exposure to exogenous NO, the DAF-FM F/F0 signal rate increased significantly in the 
first 5 min (d(F/F0)/dt = 0.156 min-1; n=5), then it reduced to 0.096 min-1 , which was due to 
the short life time of NO ( the reaction of NO with oxygen explains for the NO decay ).  
In order to determine the kinetics of DAF-FM, further investigations were carried out with 
a brief exposure to exogenous NO (less than 1 min), and then, the NO solution was removed 
and replaced with PBS. When the cells were exposed to NO solution, the DAF-FM signal 
increased significantly with a rate d(F/F0)/dt = 0.196 min-1, which is similar with initial 
fluorescence rise as shown in Fig. 3.1 A . After exogenous NO was removed, the rate of F/F0 
decreased to (d(F/F0)/dt = 0.04 min-1) (Fig. 3.1 B).   
3.3.2 Effect of extracellular calcium on shear stimulated calcium response 
As shown in Fig. 3.3 A, when BAECs were perfused in PBS, which contained 0.9mM 
Ca2+ ion, a step increase in shear stress from 0 to 20dyn/cm2 to cells monolayers resulted in a 
  
57 
transient increase in [Ca2+]i attaining peak amplitude in 30 s, then followed by a sustained 
plateau which decayed slowly to near baseline after 5 min. Elimination of extracellular Ca2+ 
with EGTA did not have effect on the initial calcium peak rise time and the peak amplitude. 
However, the [Ca2+]i plateau was significantly reduced by the extracellular calcium removal. 
3.3.3 Ca2+ dependence of shear stress-stimulated NO production 
When BAECs were grown on coverslip and subjected to a step increase in flow-mediated 
shear stress from 0 to 20 dyn/cm2 in PBS with calcium and without serum, as shown in Fig.3.3 
B, the DAF-FM signal increased with an average rate d(F/F0)/dt = 0.041 min-1 in the first five 
min and rise of d(F/F0)/dt slows down after 10 min, remaining rate of increase at 0.023 min-1, 
which reflecting a decrease in endogenous NO production. To assess the importance of 
calcium in shear stress-stimulated NO production, BAECs were exposed to a step increase in 
flow in calcium free buffer with 1mM EGTA. Fig.3.3 B shows that when cells were perfused 
in solution containing zero Ca2+ and 1mM EGTA, shear stress still elicited a [Ca2+]i transient of 
similar amplitude(Fig; compared to Fig. ). However, despite the large rise in [Ca2+]i, the 
increase of DAF-FM signal in the first five min was significantly lower in the absence of 
extracellular calcium d(F/F0)/dt = 0.018 min-1 compared with. d(F/F0)/dt =0.041 min-1 in the 
presence of calcium. The slight decrease in DAF-FM signal in control trace indicates photo 
bleaching occurred during the recording periods. 
3.3.4 ATP induced
 
increase of [Ca2+]i 
To understand the relationships between Ca2+ and NO production in endothelial cells, we 
stimulated BAECs with exogenous ATP. Exposure of BAECs to ATP (50 µM), prepared with 
Tris-HCL buffer, in the presence of extracellular Ca2+ (4 mM) induced a typical biphasic 
[Ca2+]i response. ATP elicits Ca2+ response consisted of a rapid transient [Ca2+]i  spike, 
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followed by a subsequent prolonged elevation in [Ca2+]i  that although higher than prestimulus 
level, is lower than the initial peak, as shown in Fig3. In Ca2+ -free PBS supplemented with 
1mM EGTA, ATP stimulation induced a calcium spike, the calcium then decreased to below 
baseline levels. The amplitude of Ca2+ increase is similar with or without extracellular Ca2+.  
3.3.5 NO electrode measurement of ATP induced NO production 
NO release was measured directly from the cell surface by placing an NO electrode close 
to cell surface. [Ca2+]i change was measured with fluorescent indicator fluo3 simultaneously. 
The calcium response to ATP in the presence and absence of extracellular Ca2+ has been 
described above and shown in Fig.3.4 A. A representative NO response is shown in Fig.3.4 
B. In the position (< 10µm from the endothelial surface), increase in NO was detected 30 
seconds following the addition of ATP to the bath. The NO concentration increased gradually 
and reached its peak after 90 second. After that, NO decayed slowly and reached the baseline 
level after 5 mins. Although the amplitude of Ca2+ increase is similar with or without 
extracellular Ca2+, the NO production in Ca2+ free medium is significantly lower than in 
Ca2+rich medium (Fig. 3.4 C). This indicates that the calcium influx (mainly CCE) might be 
more proficient in activating eNOS than that the Ca2+ released from ER. The rise of NO 
lagged behind the peak of the [Ca2+], which further suggested the capacitative Ca2+ could be 
the preferential source for eNOS activation. After pretreated with L_NAME, the NO 
production is significantly attenuated. 
 
3.3.6 Effect of NO on capacitative Ca2+ entry 
We inhibited the endothelial NO production by preincubated the ECs with 1mM 
L_NAME and measured the effect of endogenous NO on calcium response. Endothelial cells 
were stimulated with ATP in the presence of Ca2+ (4mM) and the change in [Ca2+]i in single 
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cell was measured in cells loaded with fluo-3. As shown in Fig.3.4 A, with NO production 
inhibited, the Ca2+ sustained phase mildly potentiated.  
3.3.7 ATP induced ER Ca2+ release and capacitative Ca2+ entry for NO 
production 
The application of ATP to BAECs in the presence of extracellular Ca2+ elicits the overlap 
Ca2+ response from ER release and CCE. The following experimental protocol was applied so 
that we can separate ER Ca2+ release from CCE entry. First, cells were exposed to 50µM ATP 
in the absence of external Ca2+ (PBS supplemented with 1mM EGTA). As shown in Fig.3.5A, 
treatment with ATP lead to a transient increase in [Ca2+]i due to calcium release from ER, 
reaching a peak after 5-10 seconds and returning to the basal level within 1-2 mins. 
Subsequent exposure to 4mM extracellular Ca2+ resulted in a rapid and sustained [Ca2+]i 
elevation, which under these conditions reflects Ca2+ influx through CCE pathway (Fig.3.5A). 
Compared to the IP3 mediated ER release, capacitative entry of calcium increases plateau level 
but has lower magnitude peak. Preincubation with intracellular Ca2+ chelator BAPTA-AM 
(30µM, 30 min) significantly inhibited [Ca2+]i increase from ER store release as well as CCE 
entry. BAPTA reduced the [Ca2+]i amplitude from ER release by 31.4% and from CCE entry by 
38.1% (Fig.3.5 A, Fig. 3.5 C). 
For BAECs with Ca2+ -free medium, ER Ca2+ stores was depleted by ATP stimulus. 
Transient increase in [Ca2+]i by ER depletion caused only slight increase in NO production 
(d(F/F0)/dt = 0.0239 min-1 in the first 3 min)as shown in Fig.3.5B. Subsequent addition of 
4mM extracellular led to a sustained [Ca2+]i increase, resulting from CCE pathway. In contrast, 
there is a large increase in NO production detected during CCE entry (d(F/F0)/dt = 0.0819 
min-1 in the first 3 min), even though the calcium magnitude from calcium entry is significantly 
lower than from calcium liberated from intracellular store. Pre-incubation with BAPTA-AM 
  
60 
significantly decreased NO concentration by both calcium sources, but decreased NO 
concentration by ER release to a greater extent than that of CCE entry (82% reduction by ER 
release vs. 46% reduction by CCE entry) (Fig. 3.5 B, Fig. 3.5D).   
Endothelial NO production may depend not only on the magnitude of calcium peak, but 
also the time course of calcium rise. To allow for the fact that NO release is also a function of 
Ca2+ elevation duration, the Ca2+ -time-index (CTI), a measure of total Ca2+ load over time, 
was determined. CTI was calculcated by integrating spatial average [Ca2+]i over time (3 min). 
Fig. illustrates that the calcium load by CCE entry as determined by CTI in the first 3 min after 
addition of extracellular calcium is only 1.425 times the ER calcium liberation, nevertheless, 
the CCE induced NO production indicated by d(F/F0)/dt is 3.43 times that induced by ER 
calcium release (Fig. 3.5E).   
3.4 Discussion:  
NO production in the endothelial cells in response to shear stress or agonists mediated by 
eNOS is an important vasoactive compound. Loss of endothelial function, particularly impair 
in NO production, has been implicated in a number of cardiovascular diseases, including 
hypertension, coronary artery disease, and chronic heart failure(75, 83, 99). The mechanisms 
of eNOS activity have been intensively investigated. It is generally believed that calcium plays 
a key role in regulation of eNOS activity and endothelial NO production is usually preceded 
by increase in [Ca2+]i(45). A close correlation has been shown to exist between the rise in 
endothelial cell [Ca2+]i and the cGMP level(69). However, the evidence to support this idea is 
controversial and the relationship between NO production and measured [Ca2+]i was uncovered. 
eNOS can also be activated by certain stimuli like shear stress without a sustained increase in 
[Ca2+]i.(89)   
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We showed that application of shear stress to BAEC monolayers resulted in a transient 
increase in [Ca2+]i, attaining peak amplitude in 15-30 s, then followed by a sustained plateau 
which decays slowly to near baseline after 5 min. The elimination of extracellular Ca2+ with 
EGTA does not diminish the calcium peak. However, the [Ca2+]i plateau is significantly 
reduced by the removal of extracellular calcium. Therefore, the [Ca2+]i plateau is due to the 
influx of extracellular calcium. We also use DAF-FM to measure shear stress stimulated NO 
production by endothelial cells and provide observations about the influence of Ca2+ on shear 
induced NO synthesis. As shown in Fig.3.3 A and B, despite the peak calcium transient 
remains the same for flow mediated shear stress in calcium containing buffer and calcium free 
buffer, the initial phase of stress-stimulated NO production is significantly inhibited by 
extracellular calcium removal. Our results confirmed that NO release stimulated by shear 
stress exhibits some calcium dependence, which is consist with other’s report that shear stress 
stimulated biophasic NO release. The first phase of NO release is transient and Ca2+ dependent 
(70). We further compare the plateau cytosolic calcium concentration in response to shear 
stress and observed the spatial average plateau calcium concentration in the presence of 
calcium concentration is 1.2 times than in the absence of calcium. Nevertheless, the increase in 
the slope of DAF fluorescence in calcium containing buffer is twice of that in the calcium free 
solution. Since the calcium plateau is maintained by extracellular calcium influx, which 
indicates that the Ca2+ influx might be more effective in activating eNOS that the Ca2+ 
released from intracellular stores.   
Our study demonstrates that exposure of BAECs to fluid flow induces ATP release, and 
fluid shear stress mediated intracellular calcium concentration increase is via ATP signaling. 
We want to confirm that our observations in NO production by shear stimulated BAECs were 
mirrored in ATP mediated NO release. Furthermore, shear stress might also evoke a rise in NO 
production independently of calcium; however NO generation activated by agonists is highly 
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calcium dependent(89, 129). Fig.3.4 A shows that exogenously applied ATP produced a pattern 
of calcium responses in BAECs that was similar to the shear stress response. The simultaneous 
measurements of [Ca2+]i and NO concentration in response to ATP indicate the rise of NO lag 
behind the peak [Ca2+]i(Fig. 3.4 B). The NO concentration rises and reaches the peak during 
the plateau phase of ATP-induced [Ca2+]i transient and the [Ca2+]i plateau is maintained due to 
extracellular Ca2+ influx instead of internal stores release. To further distinguish between the 
ER release calcium versus extracellular calcium influx to activate NO production, we stimulate 
ECs with ATP in the absence of extracellular calcium. The transient elevations of [Ca2+]i in the 
calcium free buffer are the result of liberation of calcium from intracellular calicum stores, 
mainly ER. Subsequent exposure to 4 mM extracellular Ca2+ resulted in a rapid and sustained 
[Ca2+]i elevation, which under these conditions mainly reflects Ca2+ influx through CCE 
pathway since CCE is the predominate source of agonist-regulated Ca2+ entry into endothelial 
cells(55). As shown in Fig.3.5A, fluorescence measurements showed that the Ca2+ peak 
amplitude induced by IP3-mediated ER store release is significantly higher than CCE entry in 
the presence of 4mM external calcium. However, the NO production increases dramatically 
during the CCE entry (Fig.3.5 B). A similar dissociation between peak [Ca2+]i and NO 
production also has been observed in shear stress-stimulated endothelial cells. Even we 
considered the duration of calcium challenge--CTI, the simple linear relationships were 
inadequate to describe a relationship between [Ca2+]i measurement and NO generation. This 
confirms that the greater NO production via CCE compared with others is not due to the ability 
of CCE to trigger greater elevations in [Ca2+]i. Our data also demonstrate that NO production 
are not only dependent on a large rise in [Ca2+]i, but also on calcium source; and point to that 
CCE may be the most significant source for eNOS activity.  
The second phase of shear stress induced NO production has been stated to be continuous 
and Ca2+ independent. Our results support this statement by showing that the endothelial NO 
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production in response to shear stress in the absence of extracellular calcium is significantly 
higher than control even after intracellular [Ca2+]i goes below the baseline(Fig.3.3A). This 
could occur because the C-terminal region of eNOS contains a conserved serine (Ser1177) with 
a kinase-dependent phosphorylation motif. Although the molecular events that determine 
eNOS activity in response to fluid shear stress are not fully understood, it has generally 
believed that eNOS could be phosphorylated in response to shear stress and phosphorylation 
has been suggested to affect enzyme activity by reducing calcium dependence to eNOS and 
trigger eNOS activation at a lower Ca2+ concentration(25).  
Ca2+ plays a key role in the regulation of endothelial NO release. This raises the question 
of whether endothelial NO also influences Ca2+ regulation in endothelial cells, thus exerts 
autocrine regulation of its own synthesis. There are indeed evidences reveal NO has the 
capability of influencing calcium homeostasis in endothelial cells, however the effects of NO 
on calcium regulation remain controversial and inconclusive. It was shown that NO release in 
the form of SNP could stimulate Ca2+ influx in porcine aortic endothelial cells by Berkels et 
al(10). In contrast, it has been shown brief exposure to SNP lowers [Ca2+]i by inhibition of 
CCE and acceleration of reuptake of Ca2+ into intracellular stores via cGMP-dependent 
pathway(36). There is also evidence that NO can enhance PMCA extrusion of calcium, 
however potentiate CCE(24). Our studies show after ATP stimulation, endogenous NO is 
release. If NO production is inhibited by L_NAME treatment, the Ca2+ sustained phase is 
mildly enhanced (Fig.3.4A). This discrepancy may be due to the concentration dependence of 
the NO effect on the calcium homeostasis in endothelial cells. 
We and others have shown that simple linear relationships were inadequate to describe 
the regulation of eNOS activity by measured [Ca2+]i (60, 74). However, Bredt and Snyder 
demonstrated that within the physiological range of calcium concentration (0.1-5mM), the 
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isolated eNOS activity increases linearly with Ca concentration(20). Given this controversy, a 
link between [Ca2+]i and eNOS activity needs further investigation and one possible reason is 
calcium channels and calcium sensors are not uniformly distributed in the cell, the calcium 
comes from different sources has different proportional contributions from critical Ca2+ 
compartements. The possible reason that eNOS is more sensitive to CCE calcium entry than to 
calcium elevation via ER release has been proposed is that for endothelial cells, eNOS is 
associated with the plasma membrane caveolae and it has been shown that CCE channels also 
locate in caveolae domain. The colocalization of CCE channels and eNOS in caveolae 
microdomains facilitates their interaction. Thus, given equal increase in total measured [Ca2+]i, 
ER calcium release evoke a less contribution to the calcium concentration in the caveolae 
domain. Ca2+ from ER release diffuses from IP3 channels reaches the vicinity of caveoloa 
domain where eNOS resides at insufficient concentrations to trigger eNOS activity, which 
makes eNOS activity is preferentially associated with CCE. To test this hyothesis, we 
incubated the cells with intracellular calcium chelator BAPTA-AM. Since BAPTA is unable to 
immediatedly access and chelate the calcium entering the cytosol through Ca2+ influx channels, 
we expect that CCE stimulated eNOS activity will be relatively less affected by BAPTA 
compared to that of ER calcium liberation. As shown in Fig.3.5 A and B, pre-incubation with 
BAPTA-AM decreased NO concentration by both calcium sources, but decreased NO 
concentration by ER release to a greater extent than that of CCE entry (82% reduction by ER 
release vs. 46% reduction by CCE entry) even though BAPTA reduced comparable [Ca2+]i 
amplitude by ER release and CCE (34.1% vs. 38.1%).  
In summary, we show that ATP-mediate NO production in endothelial cells is dependent 
on the influx of calcium from CCE channels. Shear stress increases endothelial NO production 
through both calcium dependent and calcium independent way. Our study suggests that 
calcium influx is an important determinant of NO production stimulated by shear stress and 
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ATP. Nevertheless, a close correlation does not show that magnitude of the Ca2+ elevation, or 
the measure of total Ca2+ load over time - Ca2+ -time-index (CTI), determines eNOS activity. 
eNOS is more sensitive to CCE than any other calcium sources. One explanation is that CCE 
channels and sensors are strategically distributed on the cell membrane and the localized 
calcium concentration at the site of eNOS resides rather than the global intracellular calcium 
concentration [Ca2+]i regulate endothelial NO production. These results force us to investigate 
more subtle and quantitative methods to evaluate the effects of spatial colocalization of eNOS 
and capacitive calcium entry (CCE) channels in caveolae on eNOS activiation in response to 
shear stress and ATP.  
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Fig 3.1 Effect of exogenous NO induced DAF-FM fluorescence elevation. A. Cells were 
loaded with 10uM DAF-FM DA exposed to NO solution (3.6uM) as indicated. B. Cells were 
exposed to 3.6uM NO solution for 1 min and then NO solution was removed and replaced with 
fresh PBS. 
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Fig 3.2 Calibration of nitric oxide (NO) electrode. A: Dimensions of the carbon fiber 
microelectrode. ( from http://www.kationscientific.com/fmicroelectrodes.html?cs1 ) B: Typical 
  
68 
calibration curve for the electrode coated with Nafion. The curve was obtained at nitric oxide 
concentration 2000PPM at room temperature. The buffer was initially bubbled with N2 until it 
saturated (indicated at position 1). A known NO concentration gas (2000PPM) was then bubbled 
until saturated (indicated at position 2). Then, the system was purged with nitrogen to get the 
baseline again. C: The difference between the two values was then used to calibrate the electrode. 
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Fig.3.3 Effect of extracellular Ca2+ removal (calcium free + 1mM EGTA) on the 
endothelial calcium and nitric oxide response to shear stress in BAECs. A. Elimination of 
extracellular Ca2+ does not have effect on the initial calcium peak amplitude. However, the [Ca2+]i 
plateau is significantly reduced by the extracellular calcium removal. B. Shear stress stimulus (20 
dyn/cm2) significantly increased NO production and the NO production was partly inhibited when 
calcium was removed from perfusion medium. (p< 0.05  vs. Ca2+ free) 
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Fig.3.4 Simultaneous measurement of intracellular calcium response with fluorescence 
dye (A) and cellular NO release with microelectrode (B. C) following addition of ATP to the 
bath. A. measurement of Ca2+ response stimulated by exogenous ATP added at t=0. B. Electrode 
measurement of NO release from endothelial cells in response to 50µM ATP in the presence of 
4mM calcium. Baseline NO is indicated by horizontal dashed lines. C. NO concentration measured 
in three different mediums after stimulation of cells by ATP. 
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Fig. 3.5 Effect of ATP-induced intracellular Ca2+ release and CCE entry in BAECs and 
Ca2+ for NO production. A.Characterization [Ca2+]i transients elicited by application of 50µM 
ATP evoked transient elevation of [Ca2+]i in the absence of extracellular calcium, followed by 
addition of 4mM calcium. ER calcium depletion induced high peak calcium amplitude and the 
addition of 4mM external Ca2+ resulted in low calcium amplitude but sustained increase in [Ca2+]i. 
Preincubation with intracellular calcium chelator BAPTA-AM significantly inhibited [Ca2+]i 
increase from ER store release as well as CCE entry. B. ER calcium release resulted in slight 
increase in NO production, and the addition of calcium caused calcium entry via CCE pathway, 
which resulted large increase in NO production. BAPTA incubation almost completely inhibited 
NO production by ER calcium store release. However, the NO production mediated by CCE entry 
is relatively less affected by BAPTA chelation. C. BAPTA pretreatment blocked the [Ca2+]i 
amplitude from ER release by 31.4% and from CCE entry by 38.1% D. Effect of BAPTA 
pretreatment on the rate of DAF fluorescence increase. BAPTA pretreatment attenuated 82% NO 
concentration by ER calcium liberation and 46% by CCE entry E. The CTI, a measure of total Ca2+ 
load over time for the CCE entry group is 1.425 times the ER calcium liberation. 
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CHAPTER 4 
A Model for Transport-Limited Calcium Signaling in the Endothelial Response to 
ATP 
4.1 Introduction 
Calcium is a ubiquitous mediator of intracellular signaling in virtually every cell type. A 
wide range of stimuli elicit changes in cytoplasmic calcium via influx through channels at the 
cell membrane or release from the endoplasmic reticulum (ER), and, yet, in many cases, the 
calcium changes appear to selectively activate different signaling pathways that are associated 
with the initial stimuli despite the similarity in the calcium changes themselves. Tymianski, et 
al.(127), provided compelling evidence for this specificity in the case of glutamate 
excitotoxicity in spinal neurons. They found that when intracellular calcium transients were of 
similar magnitude in response to a wide variety of stimuli, calcium entering the cytoplasm via 
the NMDA receptor channels preferentially lead to cell death. More recent work suggests 
NMDA receptor-mediated Ca2+ influx induces excitotoxic death via elevation nuclear 
C/EBPβ level. Conversely, L channel-dependent Ca2+ influx results in decreased C/EBPβ level, 
and improve neuron survival(49, 82). The identification of such distinct responses raises the 
question of how the same molecule can differentially activate diverse signaling pathways. The 
participation of calcium in a large number of physiological and pathological responses makes 
it an issue of wide reaching importance to understand how cells maintain specificity in calcium 
signaling despite its participation in many different signaling processes that might be activated 
in a cell. 
One hypothesis is that Ca2+ channels and the signaling molecules associated with different 
pathways are nonuniformly distributed throughout the cell. The non-uniform distribution 
provides the mechanism by which cells are able to control Ca2+ entry at the right place, right 
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time and right concentration to initiate the appropriate signaling response. Such a mechanism 
would require spatial arrangement of channels and signaling molecules that permit large 
spatial gradients of calcium. Tymiansky, et al., proposed that the signaling molecules initiating 
the pathway leading to cell death were physically linked or colocalized with the NMDA 
receptor channel. Another striking example of calcium specificity supporting the notion of 
spatial segregation of signaling pathways is the observation that while bulk average 
intracellular calcium concentration elevation in smooth muscle cells causes contraction, the 
local subplasma membrane calcium arising from ryanodine receptor activity promotes Kca 
opening to hyperpolarize the cell membrane and facilitate relaxation(93) 
Numerous specialized domains in cells have been identified and found to contain 
concentrations of related signaling molecules, e.g., caveolae, lipid rafts, focal adhesions. In 
domains like focal adhesions, this is clearly a need for spatial colocalization of the molecular 
constituents related to the organization of cell structure (e.g., to facilitate the assembly of actin 
bundles). However, one can also appreciate the potential for enhancement of biochemical 
reactions afforded by the spatial proximity of the myriad signaling molecules located there.  
Endothelial cells (ECs) are unique for their multi-functional nature. Most of these 
endothelial functions depend to various extents on changes in intracellular calcium 
concentration ([Ca2+]i). In previous chapter, we discussed about the relationship between 
endothelial calcium response and NO production in response to shear stress and ATP observed 
in our experiments. When bovine aortic endothelial cells (BAECs) were perfused in PBS 
containing Ca2+, a step increase in shear stress from 0 to 20 dyn/cm2 elilicted a transient 
increase in [Ca2+]i attaining peak amplitude in 30 s, followed by a sustained plateau which 
decayed slowly to near baseline after 5 min. Elimination of extracellular Ca2+ with EGTA did 
not affect the initial calcium peak, while the [Ca2+]i plateau was reduced by 20%. Despite the 
  
77 
similarity in the calcium responses, nitric oxide (NO) production (reflected by the change in 
relative DAF fluorescence with time (d(F/F0)/dt)) in the presence of extracellular calcium is 
more than twice that in the absence of extracellular calcium. Similar results were observed in 
BAECs in response to stimulation with ATP. Other groups also have shown eNOS is more 
sensitive to CCE calcium entry than to calcium elevation via ER release, and it has been 
proposed that colocalization of CCE channels and eNOS in caveolae microdomains facilitates 
their interaction(60, 74) .  
Transient receptor potential (TRP) proteins have been proposed to form CCE channels via 
association either as homomers or heteromers with other TRPs(140). CCE channels have been 
suggested to reside in caveolae(59) and caveolar microdomains provide scaffold for assembly 
and coordination of CCE signaling proteins (TRPs) into a complex (77). Caveolae are distinct 
flask-shaped invagination of the plasma membrane. They are 50- to 100-nm diameter and can 
exist individually or in clusters at the surface of the endothelium. Electron microscopy studies 
indicate that caveolae can exist luminally and abluminally, with the largest number in 
perijunctional zones between endothelia(122). Caveolae have been suggested to be involved in 
signal transduction by containing signaling molecules, such as G protein and tyrosine 
kinase-associated receptors, as well as calcium effector-endothelial nitric oxide synthase 
(eNOS). Since Ca2+-senstitive molecular effectors and cellular processes are 
compartmentalized in caveolae microdomain, it is reasonable to assume that the spatial and 
temporal organization of local calcium concentration in the microdomain are critical for proper 
cellular function. 
The cytosolic calcium diffusion coefficient (D) is 250μm2s-1 . Without calculation, it is 
difficult to tell how the spatial proximity of CCE channels and eNOS will have influence on 
the calcium concentration in the endothelial cell membrane since the dimension of endothelial 
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cells is only 20μm. Current experimental techniques are not capable of answering this 
question quantitatively. The most common technique used to reveal aspects of intracellular 
calcium signaling is the measurement [Ca2+]i with a fluorescent calcium indicator. This method, 
however, has limited spatial and temporal resolution and is usually used to measure the 
average intracellular calcium changes. Recent advances in imaging techniques, such as 
confocal microscopy, provide a powerful tool to study the calcium dynamics in the micrometer 
range and have led to the report of microdomain calcium signals in a variety of excitable and 
nonexcitable cell types(59, 112). These ‘microdomains’ have properties that vary in spatial 
dimensions (from 0.1 to few micrometers). The elementary events of Ca2+ signaling (Ca2+ blips, 
Ca2+ quarks, Ca2+ sparks and Ca2+ puffs) appear to have a hierarchical organization that 
depends on the intensity of stimulus that triggers them. However, the quantitative 
characterization of the microdomain calcium signaling can only be predicted by mathematical 
models that incorporate interactions occurring at multiple length and time scales.  
To achieve a quantitative understanding the Ca2+ signaling mechanism, the purpose of this 
work was to construct a model incorporating the morphology of the cell to predict the calcium 
response using our experimental data, as well as data available in the literature. We show that 
modeling with realistic dimensions and geometry can provide a theoretical framework for 
analyzing a number of salient functional features that arise in the context of microdomain 
signaling.  The most obvious of these is how the calcium concentration gradient can be 
affected by changing CCE channel localization and distribution. Linked to this is how and to 
what extend the calcium signaling is influenced by the cellular geometry. In addressing these 
issues, we demonstrate how to model calcium transport in a cell and in this way provide new 
insight into the spatial properties of the Ca2+ microdomain signaling.  
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4.2  Materials and methods 
4.2.1 Immunocytochemical staining: 
Cells cultured on glass coverslips were washed three times with cold Dulbecco's phosphate 
buffered saline (DPBS). Then, the cells were fixed with 3% paraformaldehyde for 15 min and 
permeabilized in DPBS containing 0.1% Triton X-100 for 10 min at room temperature. 
Nonspecific binding sites were blocked by incubation with blocking solution (10% normal 
donkey serum in DPBS) for 30 min. Cells were then incubated at room temperature with 
primary antibody (anti-cav-1; BD transduction labs) diluted 1% donkey serum in DPBS to a 
final concentration of 1:200 for an hour and secondary antibody (anti-rabbit Alexa 488)diluted 
in 1% donkey serum in DPBS to a final concentration of 1:1000 for 40 min in the dark. 
4.2.2 Mathematical modeling:  
We modeled the cell as a 2-Dimensional, disk-shaped object with a radius of 10 μm and a 
compartment representing the ER located in the center of the cell with a radius of 4.5 μm, as 
shown in Fig. 4.1. The main parameters used in the simulations are defined in Table 4.1. The 
following physiological processes were included in the model: 1. Diffusion of free Ca2+ in the 
cytoplasm. 2. Binding of Ca2+ ion to immobile buffer in the cytoplasm. 3. Ca2+ release from 
ER through IP3 pathway. 4. Ca2+ re-uptake by the SERCA pump. 5. Calcium extrusion from 
the cell by the PMCA pump. 6. Ca2+ entry through CCE channels. 
The release of calcium from intracellular store depends on the ER calcium concentration 
([Ca2+]er), cytosolic calcium concentration [Ca2+]i, and the cytosolic level of IP3 ([IP3]). 
1. IP3 dynamics  
Under steady state, the level of IP3 is low. After the cell surface receptors are activated by 
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agonists, IP3 is generated by the hydrolysis of PtdIns(4, 5)P2 to IP3 and diacylglycerol(DAG). 
Concurrently, IP3 in the cytosol is degraded by inositol phosphatases. We implemented De 
Young and Keizer equation(34) for IP3 production and degradation: 
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where Scyt is the area of the cytosolic space 
 
2. Calcium release model by activation of the IP3 receptor (IP3R)  
The IP3R open probability (PIP3R) for IP3 sensitive calcium channels (PIP3R) in the ER is 
given by the following equation(5, 34) : 
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in which, d1 d2, d3 and d5 are the receptor dissociation constants for IP3, Ca2+ inhibition and IP3, 
Ca2+ activation respectively. 
 The outward flux of Ca2+ from ER (Jer) is determined by Ca2+ fluxes from IP3R and 
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passive leak, which is given by: 
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where erv is the maximal Ca
2+
 flux after IP3R activation and erleakv , is a leak flux constant.  
3. Pump uptake  
Cytosolic calcium concentration is maintained by a combination of two calcium pumps: 
sarcoplasmic and endoplasmic reticulum Ca2+-activated ATPase (SERCA) pump and plasma 
membrane Ca2+-APTase (PMCA) pump. Ca2+ extrusion via the PMCA pump (JSERCA) and 
uptake by SERCA pump (JPMCA) are governed by Hill-type equations(79): 
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4. Calcium buffering  
The rate of change of free cytosolic calcium concentration is due to reversible binding with 
soluble buffering proteins(130). The buffering proteins are considered immobile (non-diffusible) 
and uniform throughout the cytosol. The total concentration of calcium binding sites is denoted 
by BT. [B] and [CaB] are the concentration of unbound and bound forms of the buffer present. 
koff and kon, are respectively, the reverse and forward rate constants of the binding reaction. 
The rate at which calcium is binds to proteins is proportional to the free calcium concentration 
and the concentration of free binding sites. Calcium also dissociates from the protein at a rate 
proportional to the concentration of the complex. Thus, the rate of free calcium change due to 
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the protein buffering is represented by: 
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The initial condition for buffered calcium CaB can be calculated by setting equation (79) to 
zero, all the other initial values used are listed in Table 4.2. 
5. Capacitative Calcium Entry model  
A signal generated by depletion of intracellular calcium stores activates CCE. The signal 
transduction mechanism linking changes in intraluminal Ca2+ to the opening of plasma 
membrane Ca2+ channels is still controversial. A putative calcium influx factor (CIF) was 
proposed to act as a second messenger(94, 125). When ER concentration of [Ca2+] decreases 
below a certain level, CIF is rapidly produced and released from ER, activating CCE entry.  
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The flux of calcium through CCE channels (JCCE) is a function of cytosolic CIF 
concentration and depends on the level of extracellular calcium. The mathematical expression 
to describe this behavior is given by: 
)][]([][ 22 iexcytsocCCE CaCaCIFvJ ++ −=    (4.10) 
where socv denotes the calcium permeability of CCE channels. CCE channels are 
non-uniformly distributed on the cell membrane and the CCE influx processes are present only 
in a segment of the cell membrane where CCE channels are located.  
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6. Final model:  
By combining eqs. 4.1-10, we get the differential equation for cytosolic calcium 
concentration: 
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The change over time of the calcium concentration in ER ([Ca2+]er) and in the extracellular 
medium [Ca2+]ex is described by: 
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  The set of coupled non-linear partial differential equations written for the model were 
solved by finite element method using commercial software (FlexPDE 3, PDESolutions, 
Antioch, CA). The mesh densities were adaptively refined by the program to insure a relative 
accuracy of 0.0001 for the numerical solutions. 
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4.3 Results 
4.3.1. Distribution of caveolae on endothelial cell membrane.  
BAECs were immunostained with polyclonal antibody to caveolin-1. Caveolin- 1 was 
distributed heterogeneously in the cells and tended to display a typical clustered pattern at 
specific parts of the cell, preferentially perijunctional zones between endothelial cells as shown 
in Fig. 4.2. 
4.3.2. Simulation of calcium response to ATP in the absence of external Ca2+ 
The effect of ATP induced IP3-mediated calcium release from ER in ECs with 
calcium-free medium was modeled for a disk-shaped cell. In the absence of external Ca2+, ATP 
causes a significant depletion of calcium in the ER calcium stores, and there is no calicum 
influx from CCE channels. Free calcium diffuses in the cytosol, binds with buffering proteins 
and is extruded via the PMCA pumps and SERCA pumps. The calculated time course of 
calcium changes for [Ca2+]m (10nm underneath the cell membrane) and the spatial average of 
intracellular calcium changes [Ca2+]avg are shown in Fig.4.3 A. We found that the traces of 
[Ca2+]m and [Ca2+]avg were almost superimposed. Fig.4.3 B. is the surface plot of spatial 
intracellular calcium concentration after 10 seconds of ER calcium release. Consistent with Fig. 
4.3.A, Fig.4.3.B indicates small calcium gradient exist inside the cell. In Fig.4.3.C. traces of 
free [Ca2+]i (located at 10nm, 1μm, 2μm, and 3μm and 4μm from the membrane) are 
plotted on an expanded time scale showing that the small spatial gradient only last 5 secs.   
4.3.3. Simulation of capacitative calcium entry  
The depletion of intracellular Ca2+ stores is followed by Ca2+ influx through CCE channels. 
CCE channels have been suggested to reside in caveolae domains and caveolae are 
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non-uniformly distributed on cell membrane as shown in Fig.4.2 In our model, we assumed 
two fractions of the membrane (each fraction is 180 nm) in which CCE channels are clustered. 
Our model predicts a large discrepancy between [Ca2+]m (calcium concentration at a point in 
the cytosol,10 nm from the membrane in the center of the cell membrane segment containing 
the CCE channels domain) and [Ca2+]avg (spatial average of intracellular calcium concentration) 
(Fig. 4.4 A). A spatial map of intracellular calcium concentration after 30 seconds CCE entry, 
indicates large calcium gradients near the clustered CCE channels (Fig. 4.4 B). Profiles of 
[Ca2+]i at position 10nm, 1μm, 2μm, and 3μm and 4μm underneath the membrane are 
shown in Fig.4.4.C. Consistent with Fig.4.4.B, the largest calcium gradient appears in the 
clustered CCE channels domain close to membrane. 
4.3.4. Influence of CCE channels distribution on calcium gradient  
To investigate the CCE channels/caveolae clustering on the calcium dynamics, we 
performed a parametric analysis of the CCE channels density (Fig.4.5). In our simulation, we 
varied the CCE density by changing the span of the membrane segment occupied by the CCE 
channels domain. For comparison, the total calcium flux from the CCE channels was kept 
constant by making the value of CCE permeability socv  inversely proportional to the length 
of CCE domain. This is equivalent to keeping the number of caveolae constant (each with 
same CCE channel density), while spreading them over different areas. As the CCE domains 
become less localized, the cytoplasmic calcium becomes more uniform, and no sharp gradients 
appear. Increasing the cluster density of CCE channels significantly increased the [Ca2+]m 
(Fig.4.5 A) without significantly changing the spatially averaged calcium. [Ca2+]avg (Fig.4.5 B). 
We also kept the CCE channels density constant, but divided total length of the member 
segment occupied by the CCE channels constant (180nm x 2) into several small segments and 
let them homogeneously distribute on the cell membrane. As the number of segments increases, 
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the calcium gradient significantly decreases and the cytoplasmic calcium becomes more 
uniform (Fig. ).  
4.3.5. Effect of cell geometry on calcium gradient 
The effects described above are for a round cell. In vivo ECs in straight arterial segments 
and in vitro monolayers exposed to flow become elongated and aligned with the direction of 
flow. The width to length ratio of the elongated endothelial cells has been found to be in the 
range of 0.2 - 0.29 (31). Questions therefore arise as to what is the function of the polarization 
of cells under flow and if this change in geometry influences the microdomain calcium 
signaling. To examine the effect of elongation, we simulated the calcium response in 
elliptically-shaped cells with the same area but varying width to length ratio. The smaller the 
ratio is, the more elongated the ellipse. The length of the membrane fraction where CCE 
channels were clustered was 180 nm.  The calcium gradients were significantly enhanced 
when the width to length ratio was decreased to 0.25 (Fig. 4.6), but at an intermediate aspect 
ratio, there was little effect. The elliptical shape increases the diffusion distance, resulting in a 
higher gradient of calcium distribution. 
4.3.6. Effect of ER location on calcium gradient 
Besides the CIF model, another theory -- conformational coupling model - has been 
proposed to explain the signaling mechanism between intracellular Ca2+ stores and CCE. This 
model suggests ER and CCE may be physically close to each other and that there is a direct 
protein – protein interaction between the ER and CCE channel in the membrane. The IP3R are 
hypothesized to play a role in this signaling by using their large cytoplasmic heads to transmit 
the information. Because this mechanism requires the ER to be in close proximity to the 
plasma membrane, we performed simulations to examine the effect of the separation distance 
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between the ER and CCE channels (Fig.4.7). When the ER membrane is 500 nm from the 
portion of cell membrane where CCE channels reside, there is an even greater enhancement of 
the local calcium concentration near the CCE domain. (Fig. 4.7 A). As the separation distance 
between the ER and the CCE domain increases, the calcium concentration near the CCE 
channels decreases dramatically (Fig. 4.7 B). 
4.4 Discussion 
Calcium is a ubiquitous second messenger linking a variety of external stimuli to cellular 
responses. Ca2+ enters the cell through several kinds of calcium channels and has the ability to 
selectively couple to different physiological processes. Ca2+ signaling inherently involves three 
factors: time, space and amplitude. The correct spatial and temporal control of calcium 
signaling is essential for this targeted signaling(11). 
A number of mathematical models for calcium transients have been published for different 
cell types including endothelial cells. These models of cellular calcium dynamics have 
traditionally been of a lumped-parameter type i.e. systems of ordinary differential equations(5, 
34, 130) The use of such formalism assumes no spatial gradients in the calcium concentration. 
There are some studies that explore calcium distribution throughout a model cell. These 
studies mainly focus on the impact of pulse duration, buffer diffusion rates, buffer affinity and 
kinetics on the shape of the calcium transients(62, 66, 91, 96, 113) . Modern imaging 
techniques have recently shown that spatially organized Ca2+ waves originate in subsets of 
clustered caveolae regions at the edges of endothelial cells in response to IP3-mobilizing 
agonist ATP(56-58). In the research reported here, we have highlighted the importance of the 
spatial segregation of CCE channels – leading to different concentration gradients within the 
cell - in determining the targeted calcium signaling, especially NO signaling. 
eNOS, a calcium-dependent enzyme, is dually acylated by the fatty acids myristate and 
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palmitate, and these modifications target eNOS to plasma membrane caveolae domains(46, 50). 
The proper targeting of eNOS to caveolae has been suggested as a prerequisite for effective 
enzyme activation. Mislocalization of eNOS in the cytoplasm by oxLDL treatment, cholesterol 
depletion, or acylation deficient mutation reduces both the basal and the stimulated NO 
production (14, 28, 60, 116). Furthermore, Jagnandan et al.(60) compared the activity of iNOS 
and eNOS after targeting them to different subcellular locations, and, in contrast to eNOS, no 
impairment in the ability of iNOS to synthesize NO was found. iNOS is structurally similar to 
eNOS and has virtually identical co-factor and substrate affinities with one exception -- 
calcium dependency. eNOS is highly dependent on increases in intracellular Ca2+ for activity, 
whereas iNOS is Ca2+ independent. Therefore, it has been postulated that targeting of eNOS to 
caveolae domains causes increased localized concentration gradients, which represent a 
plausible explanation for the caveola localization-dependent activity of eNOS (22). 
Several recent studies suggest that CCE is more effective in the activation of eNOS, while 
other means of elevating [Ca2+]i are ineffective(60, 74). Our results are consistent with those 
studies. As shown in Fig.3.4 and Fig.3.5, fluorescence measurements showed that the Ca2+ 
peak amplitude induced by IP3-mediated ER store release is significantly higher than CCE in 
the presence of 4mM external calcium. However, NO production increases dramatically during 
CCE. Since both CCE channels and eNOS reside in caveolae domains, the colocalization of 
these two signaling elements suggests that the preferential sensitivity of eNOS to CCE is due 
to the spatial proximity of eNOS and CCE channels.  
The results of our simulation indicate the spatio-temporal profile of intracellular calcium 
signals depends heavily on the spatial arrangement of calcium channels. If Ca2+ is assumed to 
be released uniformly from ER, which is located in the center of the cell, the cytosolic calcium 
gradient is very small (Fig.4.3). Similarly, if CCE channels were distributed uniformly over 
the cell membrane, there would be insignificant differences between the average calcium 
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concentration and the locally elevated concentration in the subplasmalemma domain (Fig.4.5.). 
Thus, the differential sensitivity of eNOS to CCE calcium requires both the clustering of CCE 
channels and the colocalization of eNOS.  The study by Lin et al(74) provides evidence to 
support our simulation results. They observed that ionomycin, which elevates [Ca2+]i by 
facilitating uniform, non-localized transmembrane calcium influxes, produces a comparable 
increase in average intracellular concentration to thapsigargin (TG) in the presence of 
extracellular calcium. However, the increase in NO production is much lower than that 
produced by TG-stimulated CCE.   
The cav-1 immunostaining result (Fig.4.2) shows the heterogeneous distribution of 
caveolae domain in the endothelial cells. The picture clearly indicates that caveolae tend to 
accumulate at the edge of endothelial cells, an observation consistent with previous reports(22, 
50, 57, 122). Quantified by electron microscopy, the caveolae number in endothelium in vivo 
is observed to be much higher than ECs in culture(122). Although caveolae are abundantly 
present in endothelial cells, ATP induced CCE does not involve the entire cavolin-1 rich 
region; only a small subpopulation of the caveolae is involved(57). However, whether the 
highly clustered CCE channels can help create the spatial gradients of Ca2+ to explain the 
preferential activation of eNOS remained to be elucidated. Our model was used to investigate 
this question. As shown in Fig. 4.4, clusters of CCE channels can contribute to the buildup of 
high calcium concentration gradients and these gradients are determined by channel cluster 
density. Higher cluster density allowed for higher microdomain calcium concentrations. We 
also examined the effect of close proximity of ER to CCE domains on the localized calcium 
concentration. Despite the close proximity of the calcium pumping activity of the ER 
membrane, the decreased volume of cytoplasm created by the presence of this organelle 
hinders the dissipation of the calcium gradient by diffusion into the cytoplasm. The calcium 
buffer in the vicinity of CCE channels gets locally saturated, resulting in the buildup of a high 
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calcium concentration domain. We have modeled the cell as having a single large organelle 
surrounded by a large cytoplasmic volume. The inclusion of other organelles would further 
reduce the cytoplasmic volume available for diffusive transport of calcium. As with the effect 
of moving the ER compartment close to the plasma membrane, the incorporation of the 
additional excluded volume of organelles distributed through the cytoplasm would tend to 
enhance the gradients in calcium possible. 
Under shear stress, endothelial cells become elongated and polarized. Isshiki etc. observed 
that exposing endothelial cells to shear stress caused polarization of caveolae on cell surface 
and relocated the caveolin-1 to the upstream edge of the cell(57). At the same time, CCE 
channels also were repositioned at the upstream edge of the cells. Isshiki's work suggests that 
the caveolae are mobile, and the migration of caveolae can carry signaling molecules to 
different locations in response to different stimuli. Our results suggest that polarization of the 
CCE channels, concomitant with relocation of the caveolae, increases the calcium gradient in 
the microdomain. Our results (Fig.4.6) also suggest a novel mechanism by which the 
well-known flow-induced elongation of ECs can affect their behavior. By increasing the 
spatial segregation of the caveolar signaling domains, the effect of the transport-dependent 
calcium signaling specificity is enhanced. In such a manner, the ubiquitous second messenger, 
Ca2+, can be used in a highly controlled way by a cell, achieving a specific pattern of response 
to a specific stimulus.  
Barbee et al. have combined data from atomic force microscopy and CFD simulation and 
showed there is a significant decrease in the amplitude of endothelial surface undulations(8, 9) 
as a result of the realignment process. By this means, the peak shear stress and shear stress 
gradients are reduced, suggesting the aligned cells might be less sensitive to shear stress than 
nonaligned cells at a given flow rate. However, Rizzo et al., demonstrated that 
flow-conditioned ECs appear more mechanosensitive(111). They showed that, in 
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flow-conditioned ECs, a step increase in shear stress for 2 minutes significantly enhanced 
tyrosine phosphorylation of luminal surface proteins, including caveolin-1 and Ser1179 
phosphorylation of eNOS compared to static culture cells. Although they did not show whether 
the phosphorylation is mediated by calcium signaling, the shear stress-mediated Cas tyrosine 
phosphorylation is known to be calcium-dependent(97). The phosphorylation of eNOS at 
Ser1179
 
increases eNOS activity at low Ca2+ concentrations and has been referred to as the 
“Ca2+-independent activation of eNOS”; however, the eNOS activity was completely inhibited 
by the calcium chelator EGTA, suggesting eNOS is still, stricitly speaking, Ca2+ dependent(42). 
Therefore, it is possible that the elongated shape of ECs enhance their ability to respond to 
shear stress by exaggerating the transport-dependent calcium signaling effects described by 
our model. Our simulations indicate that in elongated ECs, high calcium concentrations in the 
caveolae domains can be achieved even when the spatial average concentration is relatively 
low. This is may explain why, in intact vessels, NO-mediated dilation is observed in response 
to increases in shear stress despite only minor calcium changes(129). In contrast, in cultured 
cells, increases in shear stress elicit significant increases in endothelial cell Ca2+ concentration 
and release of NO (4, 134). 
In our experimental results, the integrated calcium load ([Ca]avg) of CCE is 1.42 times that 
due to ER release. However, the CCE induced NO production indicated by d(F/F0)/dt is 3.43 
times that induced by ER calcium release. Assuming NO production is proportional to the 
calcium concentration as suggested by Bredt and Snyder(20) , we can predict the NO 
production based on the calcium concentration at the caveolar domain (where eNOS resides). 
Our simulation results showed that integrated calcium concentration in the caveolar domain 
can be up to 3 times the average cytoplasmic calcium concentration, (depending on channel 
density, cell shape etc.), consistent with the observed NO production due to CCE. 
This illustrates an important implication of our study in that the spatial average of calcium 
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concentration, which is typically measured experimentally, may be significantly different from 
the highly localized calcium concentration near caveolae. Fig.4.5B indicates that with similar 
spatially averaged calcium concentration ([Ca2+]avg), the localized calcium concentration can 
be significantly different, depending on the calcium channels cluster density (Fig 4.5A). Our 
results illustrate that the conventional fluorescent measurement of [Ca2+]avg, may not accurately 
report local calcium concentrations.  
The results of our model are generally in good agreement with experimental data. However, 
as with all models, ours is limited by certain assumptions. Some of our assumptions have 
minor effects on the predictions of our model; others will have to be examined in future 
models. First, in this model, it is assumed that the calcium diffusion coefficient is 
homogeneous through the whole cell. Naraghi et.al.(91) revealed the inhomogeneity of 
calcium diffusion coefficient in chromaffin cells. Their data indicated that the Ca2+ diffusivity 
is lowest under the plasma membrane. Nevertheless, the inhomogeneity of calcium diffusivity 
will not affect our conclusions since intuitively, in this case, the restricted diffusion at the cell 
membrane should enhance the calcium gradient in the caveolae clustered microdomain. 
Second, we assumed the buffering protein concentration to be homogeneous. Naraghi 
etc(91) performed photolysis experiments and did not observe significant variation of calcium 
buffer distribution on a micrometer spatial scale in bovine chromaffin cells. We only 
considered the fixed buffer and ignored the mobile buffer. We reasoned that mobile buffer 
concentration is relatively low, and even when mobile buffers are considered, the diffusion 
coefficient of mobile buffer will be much lower than calcium diffusion coefficient. Sala and 
Hernandez-Cruz(113) showed that the mobility of the buffers has little influence on the 
calcium transients in the outermost shells of the cells. We also ignored the calcium extrusion 
by the Na+/Ca2+ exchanger (NCX) on the cell membrane and only considered the PMCA pump 
since there is evidence that PMCA is important for Cai2+ extrusion while NCX plays a minor 
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role(115). We did not simulate the mitochondrial sequestering mechanism because it possesses 
a much lower affinity and is too slow to influence the results for the transient response we 
examined(54, 113).  
Finally, in this study, we did not consider the IP3 and CIF diffusion, and the impact on the 
calcium signaling. We used disk-shaped cell rather than real cell geometry to calculate the 
spatial and temporal distribution of calcium. These have to be included in future models as the 
cell geometry also affects IP3 and CIF diffusion, and thus influences calcium signaling. We 
assumed the CCE channels to be distributed uniformly across the whole caveolae-clustered 
domain and ignored the spatial arrangement of each caveola. If the calcium channel properties 
in a single caveola are known, our model can be further extended to calculate the calcium 
profile in neighborhood of a single caveola and accordingly to be scaled up to determine how 
much separation between caveolae would be necessary to produce even smaller scale gradients 
in calcium and whether the calcium concentration in the isolated caveolae domain could be 
high enough to trigger calcium dependent eNOS activation.  
In spite of these limitations, our model adequately reproduces the experimental results and 
provides important insights into the role of the spatial arrangement of CCE channels in shaping 
the calcium gradient and to what extent this gradient is influenced by the cluster density of 
CCE channels and the cell geometry. Our results indicate that the spatial clustering of calcium 
channels allows for steeper microdomain calcium gradient. Our simulations support that cells 
can achieve intimate associations between Ca2+ channels and Ca2+ regulated targets by 
spatially arranging their calcium channels to fulfill the targeted signaling. We provide a 
specific example of transport-dependent signaling that provides functional 
compartmentalization of a signaling pathway that could be generalized to model other 
signaling molecules and pathways. 
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Table 4.1: General Parameters 
Parameter Value Description:  
Rec mµ10  Radius of EC 
Rer mµ5.4  Radius of EC 
rer=VER/Vcyt 0.185 Volume ratio of ER to cytosol 
k Mµ7.0  Dissociation constant for Ca2+ stimulation of 
IP3 production 
D 12250 −smµ  Diffusion coefficient of free Ca2+ 
d1 Mµ5.0  IP3 dissociation 
d2 Mµ9.0  Ca2+ inhibition 
d3 Mµ94.0  IP3 dissociation 
d5 Mµ082.0  Ca2+ activation 
3IP
ν  sM /3µ  Maximum rate of IP3 production rate 
Ier 2.5s-1 IP3 degradation constant 
ver sM /30µ  Maximum Ca2+ permeability to ER 
membrane 
vleak,er 11/s Ca2+ leak permeability across the ER 
membrane 
vmax,SERCA sM /175.0 µ  Maximum flux across SERCA 
vmax,PMCA sM /75.0 µ  Maximum flux across PMCA 
K1/2,SERCA Mµ4.0  SERCA activation constant 
K1/2,PMCA Mµ2.0  PMCA activation constant 
nSERCA 2 SERCA Hill coefficient 
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nPMCA 2 PMCA Hill coefficient 
kon 
11
.100 −− sMµ  On-rate of non-diffusible protein buffers 
koff 
1500 −s  Off-rate of non-diffusible protein buffers 
ISOC 0.11 s-1 CIF degradation constant 
vCIF 0.078/s CIF permeability across the ER membrane 
kCIF 0.018s-1 CIF production rate 
vSOC )/(035.0 Msµ  CCE permeability, per Mµ  
 
 
Table 4.2. Initial Concentration 
Parameter value Description 
[Ca2+]i 0.1 Cytosolic calcium concentration ( Mµ ) 
[Ca2+]avg 0.1 Spatial average cytosolic calcium concentration ( Mµ ) 
[Ca2+]er 350 Calcium concentration in ER ( Mµ ) 
[Ca2+]ex 4 Extracellular calcium concentration ( mM ) 
[IP3] 0.03 Cytosolic IP3 concentration ( Mµ ) 
[CIF]er 20 ER CIF concentration ( Mµ ) 
[CIF]cyt 0 Cytosolic CIF concentration ( Mµ ) 
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Figure 4.1:  Model geometry and the processes included in the model 
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Figure 4.2:  Immumolocalizaton of Cav-1 in BAECs. Immunofluorescence demonstrated the 
heterogeneous distribution of caveolin-1 with clustering near cell boundaries. 
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Figure 4.3: Simulation of IP3-mediated calcium release from ER. A. Comparison of localized 
calcium concentration 10nm from cell membrane ([Ca2+]m) and the spatial average of intracellular 
calcium concentration ([Ca2+]avg). Also plotted for comparison is an experimental calcium transient. 
B. Surface plot shows spatial variation of [Ca2+]i after 10 seconds ER calcium release. C. Traces of 
free [Ca2+] (located at 10nm, 1μm, 2μm, and 3μm and 4μm underneath the membrane) versus 
time. For spatially uniform release of calcium from the ER, gradients are dissipated by diffusion in 
less than 5 seconds (See insert). 
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Figure 4.4: Simulation of CCE entry. A. Large discrepancy between submembranous calcium 
levels in caveolae microdomain ([Ca2+]m) and spatial average of intracellular calcium concentration 
([Ca2+]avg) is predicted by simulation. B. Spatial map of intracellular calcium concentration after 30 
seconds CCE entry.  C. Profile of [Ca2+]i at depth of 10nm, 1μm, 2μm, and 3μm and 4μm 
from cell membrane. Peak calcium concentration at membrane is significantly higher than in the 
bulk cytoplasm. 
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Figure 4.5: Effect of CCE channels cluster density and distribution on calcium kinetics. Peak 
and plateau values of calcium transient in CCE channels domain are significantly affected by CCE 
channels cluster density and distribution. A. The effect of CCE channels density on the free 
calcium concentration in CCE channels cluster domain: as the channels are spread over a larger 
area, the concentration enhancement at the membrane disappear. B. Changing the CCE channels 
density had no effect on the spatial average calcium concentration. C.Split each membrane segment 
(180nm) occupied by the CCE channels domain into ten small segments (18nm x 10) and distribute 
them uniformly on cell membrane. Spatial map of intracellular calcium concentration in the cell 
after 30 seconds CCE entry. D. Split each membrane segment (180nm) occupied by the CCE 
channels domain into ten small segments (45nm x 4) and distribute them uniformly on cell 
membrane.Spatial map of intracellular calcium concentration in the cell after 30 seconds CCE entry. 
E. The impact of CCE channels distribution on the spatial average calcium concentration. 
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Figure 4.6. Comparison of ellipses with different eccentricity. A: Spatial map of intracellular 
calcium concentration in elliptical cells with different eccentricity after 30 seconds CCE. All 
ellipses have been set to have the same area. B: The profiles of [Ca]avg correspond to spatial 
average of calcium concentration changes, and profiles of [Ca]m correspond to calcium transients 
positioned 10nm underneath the membrane in the caveolae microdomain. 
  
107 
A: 
B:  
Time (s)
0 60 120 180 240 300 360 420
[C
a] 
( µµ µµM
)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.5 µm
1 µm
2 µm
5.5 µm
 
Fig 4.7. Effect of ER localization on calcium signaling. A: Spatial map of intracellular 
calcium concentration in modeling cell after 30 seconds CCE entry. The ER membrane is 500nm 
from the portion of cell membrane where CCE channels reside B: The profiles of calcium 
  
108 
transients positioned 10nm underneath the membrane in the caveolae microdomain. Different 
profiles correspond to different location of ER. ER membrane is 0.5, 1, 2, 5.5 µm underneath the 
cell membrane respectively. Proximity of the ER to the plasma membrane enhances the peak [Ca]m 
by reducing the space available for diffusion. 
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 CHAPTER 5 
Conclusion and Future Work 
5.1 Summary of Principle Findings 
This thesis helps advance our understanding of the calcium and nitric oxide signaling and 
their interacting mechanisms in endothelial cells in response to shear stress and vasoactive 
agonist ATP by a combination of experiments and computational simulation.  
While the heterogeneity of the endothelium from different tissues is well recognized, the 
microheterogeneity of endothelial cells within a monolayer represents an emerging area of 
interest. The calcium response to shear stress in cultured aortic endothelial cells has been the 
subject of intense study in the past decade and the typical response to the initiation of shear 
stress is a rapid mobilization of intracellular calcium in a dose-dependent fashion (13, 120). 
However, little has been done to investigate whether the nature of the response or the 
mechanisms of mechanotransduction are similar in microvascular cells. The presented in vitro 
study investigated spatially and temporally heterogeneous calcium changes within cultured 
monolayers of rat adrenomedullary endothelial cells. To our knowledge, these are the first in 
vitro experiments to capture the complex dynamics of cell-to-cell signaling observed in vivo 
and in isolated tissue preparations. The control over the experimental conditions afforded by 
our in vitro model have allowed us to determine the mechanisms of the heterogeneous cell 
activation and signal transmission to neighboring cells. We show that the initiation and spread 
of intracellular calcium increases are mediated by the shear stress-induced release of ATP, and 
that the extent of cell-cell communication is limited by the balance of diffusive and convective 
mass transport. Furthermore, we show for the first time, that the magnitude and temporal 
characteristics of individual cells are different from those of large vessel endothelial cells. The 
observed response represents a novel mechanism for modulating the response of the 
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microvascular endothelium. Though cells continue to have isolated transients, the responses 
are more frequent at the beginning of the flow period. The strength of the response of the 
endothelium may be determined by the number and frequency of responding groups rather 
than the magnitude of the signal within individual cells.  
eNOS is constitutively expressed in most endothelial cells, and has been characterized 
that its activation is dependent on an increase in [Ca2+]i and the binding of Ca2+/CaM to the 
enzyme. A linear correlation between the magnitude of the free calcium concentration and NO 
production has been demonstrated in isolated eNOS(20). In endothelial cells, the chelation of 
calcium or CaM antagonists treatment abolished the agonists like acetycholine and bradykinin 
induced endothelium-dependent relaxation(23, 89). However, eNOS can be activated by 
certain stimuli without a sustained increase in [Ca2+]i being necessary and one of the most 
important of these stimuli is fluid shear stress(4, 89). These contradictory findings together 
with the lack of quantitative study on relationship between calcium and NO in ECs establish a 
need for a comprehensive study. We performed experimental study to characterize the 
interplay between [Ca2+]i and endothelial nitric oxide synthase (eNOS) activity in BAECs. To 
quantitatively study the experimental observation, we developed a 2-D model of 
transport-limited intracellular calcium signaling in endothelial cells to evaluate the effects of 
spatial colocalization of eNOS and capacitive calcium entry (CCE) channels in caveolae on 
eNOS activiation in response to shear stress and ATP. Our mathematical model provides 
insights into a number of salient functional features that arise in the context of transport 
limited calcium signaling. The model predicts that spatial segregation of calcium channels in 
endothelial cells can create microdomains where calcium concentration differs significantly 
from the spatial average calcium concentration. Our results also suggest a novel mechanism by 
which the well-known flow-induced elongation of ECs can affect their behavior. By increasing 
the spatial segregation of the caveolar signaling domains, the effect of the transport-limited 
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calcium signaling specificity is enhanced. The simulations indicate for elongated ECs, the cells 
can keep the spatial average calcium concentration low, however maintain high calcium 
concentration in caveolae domain. Our simulation significantly advances our understanding of 
how the Ca2+ channel cluster and the cell geometry facilitates the development of Ca2+ 
microdomains. Ca2+ microdomains enable calcium, a ubiquitous mediator, to selectively 
activate different signaling pathways. 
5.2 Future Work 
Many interesting projects can be developed based on the present work. Specially, the 
following issues can be addressed; 
5.2.1 Endothelial heterogeneity 
Our data suggest that the spatial and temporal characteristics of the microvascular 
response to flow are different from large vessel ECs. We also showed that the heterogeneity, in 
part, due to differences in the expression of P2Y2 receptors. One of the important reasons for 
evaluating the P2Y2 receptors in our paper is that the IP3 response to ATP appears to be 
mediated exclusively by P2Y2 in the endothelial cells from adrenal medulla(1). However, our 
immunostaining data for P2Y2 is suggestive; it is possible that heterogeneous expression of 
other receptor sub-types contribute in whole or in part to the observed heterogeneity of the 
calcium response. We observed similarly heterogeneous responses to bradykinin stimulation, 
but in a different subset of cells compared to ATP stimulation (Fig. 2.14). Thus, it seems 
possible, even likely, that there is heterogeneity in other purinergic receptors or other G-protein 
related receptors. siRNA approaches in BAECs and RAMECs would directly demonstrate the 
levels and activation of the P2Y2 receptor is responsible for regulating shear induced calcium 
increases.  
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In present work, our experiments provided evidence that ATP is released from RAMECs 
during shear stress and mediated calcium response. However, we did not show how the ATP 
was released. Although we demonstrated the heterogeneity, in part, was due to the differences 
in the purinergic expression, we cannot preclude the ATP release is heterogeneous as well. The 
real-time bioluminescence imaging of the ATP release from cells as described by Arcuino et 
al..(3) can provide us both the spatial and temporal information about the ATP release and give 
a direct link between ATP release and calcium response. 
Heterogeneous calcium responses in microvascular endothelial cells have been reported in 
vivo and in isolated vessels. Spontaneous calcium waves have been observed in lung capillary 
endothelium(135, 136). The waves originated from some “pacemaker” cells which mostly 
located at vessel branch points. It is likely that the cells with high expression of purinergic 
receptor have specific localization in the vessel network and function as “pacemaker” to serve 
a role in coordinating the microvascular response to meet the perfusion requirements of the 
tissue or control the localized permeability in microvessels in response to localized transport 
requirement. The characterization of different purinergic expression levels in the vessel 
network especially at different branching generations of different vessel sizes will advance our 
understanding of the heterogeneous pattern of calcium response and cell-cell communication 
in microcirculation. 
5.2.2 Caveolin-1 paradox 
eNOS is a dually acylated protein that targets to caveolae of endothelial cells. Caveolae 
and caveolin-1 are influencing eNOS signaling, but the effects are not yet fully understood. 
The present study as well as other people’s studies demonstrates that localization of eNOS to 
caveolae is essential for eNOS activation. The spatial segregation and cluster of CCE channels 
help create sharp gradients in calcium concentration in caveolae domains, which facilitate 
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agonist-evoked eNOS activity. Peterson et al. found that cholesterol treatment increased eNOS 
localization to membrane as well as caveolin-1 expression, which enhanced NO production. 
Mislocalization of eNOS in the cytoplasm by oxLDL treatment, cholesterol depletion, 
interaction with NOSIP (eNOS interacting protein) or acylation deficient mutation reduces the 
basal and stimulated NO production(14, 28, 35, 60, 116). Caveolin-1 is the major structure 
protein for caveolae assembly and itself positively or negatively regulates cell signaling via 
direct or indirect protein-protein interaction with resident proteins in the caveolae(53). 
Interestingly, the interaction between eNOS and caveolin-1 scaffolding domain strongly 
reduces eNOS activity because caveolin-1 interferes with the binding of calmodulin to eNOS. 
In cultured ECs, high level of LDL treatment increased the eNOS and caveolin-1 in the 
membrane, as well as their association, which renders the inactivity of eNOS. Cav-1 null mice 
lack plasmalemmal caveolae, but are still viable, and the eNOS activity is up-regulated; 
Ach-stimulated relaxation, NO-dependent microvascular leakage is enhanced, not reduced(38, 
110). Caveolae seem to have two apparently paradoxical tasks in eNOS activity: facilitation of 
agonist-evoked stimulation and tonic repression of basic activity by structure protein 
caveolin-1 and the controversies remained to be cleared away. These data lead to propose the 
so-called “caveolae paradox”(40). In Fischer rat thyroid cells lacking caveolins/caveolae, 
eNOS can still target to cholesterol-rich lipid raft domains of the plasma membrane and is 
functionally active to produce basal and ionophore stimulated NO(121). Since ionophore 
elevates [Ca2+]i by facilitating uniform, non-localized transmembrane calcium influxes, 
ionophore stimulated NO production does not give any information about the subcellular 
localization and functional consequence of the other molecules , such as G protein-coupled 
receptors, CCE channel proteins, CAT-1, which interact and facilitate eNOS activity in cells 
lacking cvaeolin-1. Whether changes in caveolin-1 affect eNOS localization, interactions with 
other molecules remained to be determined. iRNA mediated down-regulation of caveolin-1 in 
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endothleial cells, or cell lines derived from caveolin-deficient mice can provide a useful 
experimental system to explore the role of caveolin-1 in the eNOS activity and delineate the 
interactions among signaling proteins as modulated by caveolin-1. 
5.2.3 Extension of cell-scale model: 
The limitation of the present model has been discussed in Chapter 4. Besides we can 
further improve the model to include the IP3 and CIF diffusion, we can also develop vessel 
model incorporating the cell-scale model. The key features of the cell-scale model are shown 
diagrammatically below in Fig. 5.1. and include 1) shear stress dependent ATP release, 
transport and subsequent autocrine stimulation of intracellular calcium; 2) Calcium-induced 
ATP release forming a positive feedback loop; 3) Capacitive calcium entry (CCE) due to 
depletion of ER calcium; 4) Calcium-dependent eNOS stimulation and NO release; 5) NO 
transport in the vessel and 6) Negative feedback of NO concentration on calcium and NO 
production. The concentrations of ATP and NO at the cell surface will depend on diffusive and 
convective mass transport.  
 
Fig. 5.1. Diagrammatic representation of the features of the cell-scale model (portion adapted 
from Shaul PW (118). 
Model for wall shear stress and ATP concentration: 
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The velocity profile within blood vessel is given by the parabolic Poiseuille flow solution 
))/(1( 20max rrvv −×=       (5.1) 
where vmax is the maximum velocity at the centerline (r=0),  and r0 is the radius of blood 
vessel. 
The shear stress to which the endothelial cells are exposed can be determined from the profile 
as 
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At endothelial layer, ATP is released and hydrolyzed: 
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where DATP is the diffusion coefficient for ATP in the blood, Vmax, ATP is the maximum 
enzyme reaction velocity for ATP hydrolysis by ecto-ATPase, Km, ATP is the Michaelis 
constant for the enzyme. RATP is the flow-induced ATP release which can be expressed as a 
linear or nonlinear function of shear stress. 
Diffusion and convection of ATP: 
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Boundary conditions: 
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We and others have shown that for both large vessel and microvascular endothelial cells, 
shear stress causes the release of ATP which then stimulates the intracellular release of calcium 
from the endoplasmic reticulum. ATP induced intracellular calcium signaling can be modeled 
by lumped-parameter type system of ordinary differential equations(34, 130). In the present 
studies, we showed that calcium concentration in the neighborhood of the caveolae (where 
active eNOS resides) can be a factor of 2 or 3 greater than the average cytoplasmic calcium 
concentration owing to the collocalization of the CCE channel in the caveolae. This cell-scale 
spatial variation in calcium concentration will provide a scaling parameter that depends on cell 
geometry and links average cell calcium concentration, which can be validated experimentally, 
with the predicted concentration at the caveolae to be used for the calcium-dependent eNOS 
activation.   
Ca-NO relationship and NO feedback. Within the physiological range of calcium 
concentration (0.1-5 µM), the eNOS activity increases linearly with Ca concentration (20). 
The NO production rate NOR can be expressed as: 
)
1
][()]([ max
uM
Ca
RCaR iiNO =      (5.6) 
where [Ca]i is the localized calcium concentration and maxR is the NO production rate at 
1 µM calcium concentration.  
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NO itself has been reported to produce negative feedback on intracellular calcium 
concentration and NO production (123). We will incorporate this feedback mechanism into our 
model. Since the concentration of NO depends on the diffusion and convection in the perfusing 
medium, its effects on NO production can only be properly simulated by including the 
extracellular mass transport of NO as have done been described in our group’s studies(26). 
Furthermore, since in vivo, scavenging of NO in blood by reaction with hemoglobin is 
expected to lower the availability of NO dramatically compared to an in vitro flow experiment 
without hemoglobin, these simulations are critical for proper interpretation of the in vitro data 
and transfer of that data to the model of the in vivo response. NO production in the endothelial 
cells is under autoregulatory control, via the cGMP-dependent inhibition of CCE and 
acceleration of Ca2+ sequestration into the ER (36). We can incorporate NO feedback by 
modifying the JSERCA and JCCE to be NO dependent as follows: 
 ])([][
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2
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)][]([]])[([ 22 iexcytsocCCE CaCaCIFNOvJ ++ −=
   (5.8) 
])([max, NOv SERCA and ])([NOvsoc are functions of NO concentration and are expressed 
as ])([max, NOv SERCA  and ])([NOvsoc respectively. 
 NO also decreases eNOS expression, disrupts caveolae signaling by distancing elements 
of the cascade. These, however, are long time scale events, and will not be included in our 
proposed project. 
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